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We are delighted to have been invited to edit this Special

Topic on Mental Health and Addiction. Mental disorders

like drug addiction, mood disorders, and schizophrenia

affect a sizeable proportion of the human population,

severely compromise the quality of life, and constitute a

large global burden of disease. The evolution of molecular,

cellular, and neurophysiological studies of rodents and the

technical advances in human imaging and assessment have

gradually extended our understanding of the molecular and

neural mechanisms underlying these disorders. It is

becoming possible to investigate the role of neuronal cir-

cuits, microRNAs, signaling pathways, and gene poly-

morphisms in the pathogenesis and treatment of mental

disorders.

Advances in neuroscience have identified addiction as a

chronic relapsing brain disease with strong genetic, neu-

rodevelopmental, and sociocultural components. Addictive

drugs modulate the expression of genes involved in

neuroplasticity, ultimately disturbing intracellular signaling

cascades and the neuronal circuits implicated in the long-

lasting changes associated with addiction [1]. Dopaminer-

gic neurons located in the ventral tegmental area and

projecting to the nucleus accumbens (NAc) play a key role

in the rewarding response to drugs. Besides, the NAc is

also involved in the aversive emotional state linked to drug

withdrawal, which induces continued and compulsive drug

use. Inputs from the prefrontal cortex, ventral hippocam-

pus, and basolateral amygdala to the NAc have been

implicated in the rewarding effects of addictive drugs,

while input from the paraventricular nucleus of the thala-

mus to the NAc mediates the physical changes and aversive

memory induced by opiate withdrawal [2, 3]. In addition,

Wang et al. [4] showed that both intraperitoneal injection

of the D1 receptor antagonist, SCH23390, and intra-NAc

injection of the MEK inhibitor, U0126, attenuate the

propofol self-administration and diminish the expression of

phosphorylated extracellular signal-regulated kinase (ERK)

in the NAc. These results suggest that ERK signaling

coupled with D1 receptors in the NAc may be involved in

the maintenance of propofol self-administration and its

rewarding effects.

Alterations in gene regulation caused by exposure to

drugs of abuse lead to long-term changes in brain structure

and function, and consequently induce drug-seeking

behaviors. The transcriptional and epigenetic mechanisms

of drug action on gene expression are well established,

including alterations in transcription factors, histone tail

modification, DNA methylation, and microRNAs. These

changes contribute substantially to the neuronal adaptions

that result from chronic drug exposure [5]. Jia et al. [6]

showed that miR-137 and miR-149 negatively regulate

dopamine transporter (DAT) expression and dopamine

transport at the post-transcriptional level in neural cells.
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Moreover, the miR-491 seed region is located on the

variable-number tandem repeat (VNTR) sequence in the 3’-

untranslated region of the DAT, and the regulatory effect

of miR-491 on the DAT is dependent on the VNTR copy-

number. Interventions targeting miR-137 and miR-149

may be considered a practical therapeutic strategy for

diseases associated with DAT dysfunction, including drug

addiction.

Drug exposure directly or indirectly triggers pathologi-

cal changes in glutamatergic neuroplasticity in the circuitry

underlying drug dependence [7]. Agmatine is endoge-

nously synthesized by the decarboxylation of L-arginine in

mammals, and is a putative neurotransmitter and/or neu-

romodulator. Wang et al. [8] showed that agmatine treat-

ment reverses the increase in the hippocampal extracellular

glutamate level induced by naloxone precipitation. In rats

chronically administered with morphine, agmatine reverses

the decrease in release and increase in uptake of glutamate

in synaptosomes. Agmatine also reverses the decrease in

expression of the hippocampal NR2B subunit induced by

chronic morphine administration. Prevention of adaptation

of the glutamatergic system in the hippocampus by

agmatine may underlie its attenuation of opioid addiction.

Drug addiction has a high prevalence worldwide, but

clinically effective treatment is still not available. Metha-

done maintenance treatment (MMT) is an opioid replace-

ment therapy that is widely used to treat heroin

dependence. Studies have shown it to be effective in

decreasing illicit opioid use, criminal activity, and mor-

tality rates among patients with opioid use disorder. Fur-

thermore, its efficacy is superior to other non-

pharmacological approaches (such as detoxification, offer

of drug-free rehabilitation, placebo medication, and wait-

list controls) [9]. Inconsistent with the results of studies in

the west, Jiang et al. [10] found that the blood level of

methadone is not correlated with the clinical outcome of

MMT in Chinese patients. The discrepancy may be caused

by the relatively low doses of methadone in the Chinese

population, which may be attributed to social and political

factors. The retention rate of patients with a high free peak-

to-trough ratio was significantly lower than those with a

low ratio. Thus, when the compliance rate with MMT is

already very high or when the methadone dose is no longer

the dominant factor in determining the clinical outcome,

monitoring plasma methadone levels is unlikely to be

effective for making dosing decisions.

In nicotine addiction, nicotine replacement therapy and

bupropion or varenicline are the most used alternatives for

smoking cessation. Wang et al. [11] found that two single-

nucleotide polymorphisms of microsomal epoxide hydro-

lase (rs1051740 and rs2234922) are involved in the pro-

cesses of nicotine metabolism and abstinence. In addition,

both polymorphisms are associated with the effectiveness

of nicotine replacement therapy in a Chinese population.

Mi et al. [12] found that the haplotype T-C carrier

(rs2235048-rs1045642) in the ABCB1 gene (encoding

p-glycoprotein) is associated with a better response to

risperidone or paliperidone treatment in Chinese schizo-

phrenic patients. Moreover, ABCB1 gene polymorphisms

also influence the incidence rate of extrapyramidal symp-

toms and the blood prolactin level.

Non-invasive brain stimulation (NIBS), including tran-

scranial magnetic stimulation (TMS) and transcranial

direct current stimulation (tDCS), is emerging as a

promising method for the treatment of a wide range of

neurological and neuropsychiatric disorders [13]. Yang

et al. [14] review the potential and challenges of using

NIBS to treat nicotine addiction. Although there is inter-

esting potential for decreasing craving and reducing

smoking-related behaviors by both TMS and tDCS, several

important factors need to be addressed in future work to

improve clinical assessment and the effects of NIBS, such

as brain stimulation devices and paradigms, brain states

and participants’ characteristics, and cultural differences

[14]. Importantly, the different forms of NIBS affect brain

activity in distinct ways, which have important ramifica-

tions for clinical efficacy. Understanding the brain’s

response to NIBS by combining behavioral and neu-

roimaging measures is a critical first step toward the effi-

cient restoration of networks altered by disease. In

addition, optimizing NIBS protocols using brain connec-

tomics, the development of individualized NIBS protocols,

and cross-cultural studies on its effects are directions for

future research.

Depression is a common devastating psychiatric disor-

der that is associated with enormous personal suffering and

societal economic burden. More than 20 different antide-

pressant medications targeting the monoaminergic system

are currently available. However, their efficacy is limited,

including a delayed response onset of weeks to months,

high rates of partial responsiveness or non-responsiveness,

and limited duration of efficacy. Ketamine has attracted

much attention in recent years due to its rapid antidepres-

sant effects (within hours of administration) in treatment-

resistant depressed patients. This finding has also been

replicated in several controlled clinical studies, and its

neurobiological mechanisms have been extensively studied

in animal models of depression. However, the off-label use

of ketamine as an antidepressant remains under debate, and

further investigations are needed to verify its safety and

tolerability. Zhu et al. [15] review ketamine-related

adverse effects occurring with high doses or prolonged

treatment, such as neurotoxicity, cognitive dysfunction,

adverse events associated with mental status, psy-

chotomimetic effects, cardiovascular events, and uropathic

effects. These effects certainly limit the use of ketamine to
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treat depression and should be carefully considered in

clinical settings.

Ketamine is stereo-selectively and region-specifically

hydroxylated into a broad array of metabolites, such as

norketamine, hydroxyketamine, dehydronorketamine, and

hydroxynorketamine (HNK). Recent studies have shown

that (2R,6R)-HNK has rapid and sustained antidepressant

effects without ketamine-like side-effects [16, 17]. Com-

pared with (S)-ketamine, the (R)-ketamine enantiomer has

greater and longer-lasting antidepressant efficacy in several

animal models of depression, such as the forced swim test,

learned helplessness, and chronic social defeat stress.

However, because of inconsistencies with previous studies

and controversy regarding the antidepressant actions of

ketamine metabolites independent of NMDA receptor

inhibition, this conclusion should be treated with caution,

and it needs further investigation and verification [18].

This special issue covers a wide range of topics from the

neuronal mechanisms underlying addiction and depression,

to the association between gene polymorphism and treat-

ment responses. Treatment options are also addressed,

including the use of NIBS and pharmacological replace-

ment therapies for drug addiction. This special issue

attempts to offer insights into the challenges faced by

researchers in the field of mental health and addiction.
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Abstract The dopamine transporter (DAT) is involved in

the regulation of extracellular dopamine levels. A 40-bp

variable-number tandem repeat (VNTR) polymorphism in

the 30-untranslated region (30UTR) of the DAT has been

reported to be associated with various phenotypes that are

involved in the aberrant regulation of dopaminergic neu-

rotransmission. In the present study, we found that miR-

137 and miR-491 caused a marked reduction of DAT

expression, thereby influencing neuronal dopamine trans-

port. Moreover, the regulation of miR-137 and miR-491 on

this transport disappeared after the DAT was silenced. The

miR-491 seed region that is located on the VNTR sequence

in the 30UTR of the DAT and the regulatory effect of miR-

491 on the DAT depended on the VNTR copy-number.

These data indicate that miR-137 and miR-491 regulate

DAT expression and dopamine transport at the post-

transcriptional level, suggesting that microRNA may be

targeted for the treatment of diseases associated with DAT

dysfunction.

Keywords Dopamine transporter � Solute carrier

family 6 member 3 � hsa-miR-137 � hsa-miR-491-5p �
30-Untranslated region � Variable-number tandem repeat �
Posttranscriptional regulation

Introduction

Dopamine (DA) is one of the principal neurotransmitters in

the central nervous system, participating in motion control,

emotion, cognition, drug addiction, neuroendocrine regu-

lation, and other vital activities through the activation of

DA receptors [1–7]. Reuptake is a normal mechanism by

which neurotransmitters pass through the presynaptic

membrane and then are removed from the synaptic cleft

[1, 2, 6, 8]. Psychoactive substances block DA reuptake to

increase its concentration in the synaptic cleft [2, 8]. With

reuptake blocked, the normal effects of neurotransmitters

are magnified. Reuptake through the cell membrane that is

mediated by the DA transporter (DAT) diminishes DA

signaling in a sodium-dependent manner, and this plays a

crucial role in maintaining DA homeostasis in neurons

[2, 9, 10]. The gene encoding the DAT, solute carrier

family 6 member 3 (SLC6A3), belongs to the SLC6 family

of transporters [11, 12]. The 30 untranslated region (UTR)

of SLC6A3 mRNA contains a 40-bp tandem repeat, refer-

red to as a variable-number tandem repeat (VNTR) poly-

morphism (rs28363170) [13], which can be present in 3–11

copies [11, 14]. The 9- and 10-repeat alleles are the most

frequently found in the human population [12, 14, 15].

Changes in the number of copies of this region are closely

associated with idiopathic epilepsy, attention-deficit/hy-

peractivity disorder (ADHD), alcohol and cocaine depen-

dence, susceptibility to Parkinson’s disease, and resistance

to nicotine dependence [6, 11, 14, 16, 17].
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MicroRNAs (miRNAs) are small non-coding RNAs

*21 nt long. They regulate *30% of the DNA in the

genome [18] and can regulate gene expression at many

levels, including the transcriptional, post-transcriptional,

translational, and epigenetic levels, thus participating in the

evolution of a species, embryonic development, metabo-

lism, and the occurrence of disease [18, 19]. The roles of

miRNAs in the nervous system have been studied exten-

sively, from physiology to pathology [20, 21]. Most seed

regions of miRNAs are located in the 30UTR of the gene’s

mRNA, and miRNAs may regulate the post-transcriptional

level of DATs through the 30UTR of SLC6A3 mRNA.

However, still unknown are the miRNAs that target the

VNTR seed region of SLC6A3 and the relationship between

the VNTR copy-number and this type of regulatory effect

on the DAT. The primary objectives of the present study

were to investigate the post-transcriptional regulatory

effect that underlies the actions of miRNAs on DAT levels

and activity.

Using bioinformatics software prediction (TargetScan

and miRanda) [22, 23] as well as the analysis of luciferase

expression activity, mRNA and protein levels, and activity

levels, we found that hsa-miR-137 (miR-137,

MIMAT0000429) and hsa-miR-491-5p (miR-491,

MIMAT0002807) targeted the SLC6A3 30UTR (1945 bp,

taxonomic ID: 9606, NM_001044:1990..3934) and regu-

lated DAT expression at the post-transcriptional level, and

that miR-491 targeted the VNTR seed region of the 30UTR

of SLC6A3. Moreover, both miRNAs were found to regu-

late DA transport. To our knowledge, this is the first report

of the direct regulation of DAT by miR-137 and miR-491.

Materials and Methods

Cell Culture

Human dopaminergic SK-N-SH neuroblastoma cells

(ATCC HTB-11) were grown in minimum essential med-

ium (MEM) supplemented with 10% fetal bovine serum

(FBS) and 0.1 g/L sodium pyruvate at 37 �C under 5%

CO2. Human dopaminergic SK-N-BE(2) neuroblastoma

cells (ATCC CRL-2271) were grown in MEM:F12 (1:1)

supplemented with FBS to a final concentration of 10%,

and 0.1 g/L sodium pyruvate at 37 �C under 5% CO2 (all

media chemicals were from Invitrogen, Carlsbad, CA).

Retinoic acid (10 lmol/L; all-trans-retinoic acid, ATRA;

Sigma, St. Louis, MO) was used to induce neural cell

differentiation. The expression levels of miR-137 and DAT

were significantly increased, while miR-491 was not sig-

nificantly changed after treatment with retinoic acid.

Human hepatoma HepG2 cells were cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10% FBS.

Cells were grown at 37 �C in a humid atmosphere with 5%

CO2. This study was performed using both SK-N-SH cells

and SK-N-BE(2) cells. The data for SK-N-BE(2) cells are

similar to SK-N-SH cells, which are not shown.

Plasmid Construction and Transfection

We used SK-N-SH cellular genomic DNA as a template

and obtained the target gene SLC6A3 30UTR through PCR

amplification. The target gene inserted into the upstream

multiple cloning site of a synthetic Renilla luciferase

reporter gene (hRluc) in the psiCHECK2 vector (Promega,

Madison, WI) at the Xho I and Not I sites, resulted in a

psiCHECK2-SLC6A3 30UTR plasmid. Mutations of the

predicted seed regions of miR-137 and miR-212 within the

human SLC6A3 30UTR were generated by overlap exten-

sion PCR and then cloned into the psiCHECK2 vector. All

of the constructs were confirmed by sequencing (Invitro-

gen). We used the Lipofectamine 2000 plasmid transfec-

tion reagent (Invitrogen) according to the manufacturer’s

instructions.

The real-time PCR primers, miRNA seed region muta-

tion primers, and VNTR gene sequences used to construct

the plasmids are listed in Table 1.

Transfection with Small RNAs

Transfection with miRNA mimics, anti-miRNAs, and

small interfering RNAs (siRNAs) was performed using

Lipofectamine RNAiMAX reagent (Invitrogen) according

to the manufacturer’s instructions. The miRNA mimics

(double-stranded RNA oligonucleotides), anti-miRNAs (20-
O-methyl antisense oligonucleotides against the target

miRNAs), negative control duplexes, pre-designed siRNAs

of the human DAT, and the scrambled negative control

siRNA were from Ribobio (Guangzhou, China) and

applied at a final concentration of 100 or 150 nmol/L. After

incubation of the small RNAs for 24–72 h, the cells were

harvested for further analyses [24, 25].

Analysis of Luciferase Reporter Gene Expression

After each purified reporter plasmid (0.2 lg) was trans-

fected into SK-N-SH or SK-N-BE(2) cells using Lipofec-

tamine 2000 for 4 h, miRNA mimics, anti-miRNAs, or

negative control duplexes were incubated for another

24–72 h [24, 25].

Luciferase reporter gene expression was analyzed using

a Dual-luciferase Reporter Assay System (Promega,

E1910) according to the manufacturer’s instructions.

Renilla luciferase activity was normalized to the corre-

sponding firefly luciferase activity.
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Analysis of Dopamine Transport

Cells were plated in 24-well culture dishes (20,000 cells/

well) and transfected with siRNA or miRNA mimics and

their control miRNAs for 48 or 72 h. After the cells were

incubated with 5 lg/mL DA hydrochloride (Sigma) for

5 h, the cells were washed three times with ice-cold

phosphate-buffered saline (PBS) and lysed in RIPA buffer.

Finally, intracellular DA concentrations were assayed

using a DA ELISA (enzyme-linked immunosorbent assay)

kit (Elabscience, Wuhan, China, catalog no. E-EL-0046c;

or Rocky Mountain Diagnostics, Colorado Springs, CO,

catalog no. BA-E-5300).

Analysis of mRNA Expression Levels

RNA extraction and cDNA synthesis were performed using

an SV Total RNA Isolation System (Promega) and a

GoScript Reverse Transcription System (Promega)

according to the manufacturer’s instructions. After the

resultant cDNA was diluted tenfold, real-time quantitative

PCR was performed using the CFX96 Real-time System

(Bio-Rad, Hercules, CA) and a SYBR Premix Ex Taq Kit

(Takara, Dalian, China). GAPDH was used as the nor-

malization control to analyze target gene mRNA expres-

sion levels. Relative quantification was performed using

the comparative cycle threshold (Ct) method after deter-

mining the Ct values for the reference (GAPDH) and target

genes (SLC6A3) in each sample, according to the 2�DDCt

method [24, 25].

Analysis of Protein Expression Levels

After reacting for 24 h, the cell sample was prepared with

RIPA cell lysis buffer (25 mmol/L Tris–HCl, 150 mmol/L

NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% sodium

dodecyl sulfate, pH 7.6) for 12% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis. The cells were then

transferred to a polyvinylidene difluoride (PVDF) membrane

(Millipore, Bedford, MA) and blocked. The membrane was

washed and incubated with primary anti-DAT antibody

(1:1000–1:2000, Abcam, Cambridge, UK; catalog nos

ab5990a and b111468) and secondary antibodies (1:1000;

Cell Signaling Technology, Beverly, MA). Equal parts of

luminol and peroxide reagents (Millipore) were mixed for

chemiluminescence (Thermo Fisher Scientific). The lumi-

nescent liquid was then dropped onto a PVDF membrane and

colored using the ChemiDoc MP Imaging System (Bio-Rad,

Hercules, CA) for Western blot analysis. The bands under-

went grayscale scanning and processing analysis using Image

Lab 4.0 imaging software (Bio-Rad) [24, 25].

Fluorescence Microscopy

pcDNA3.1-GFP-DAT-CDS-30UTR fusion plasmid (0.2 lg)

was transfected into HepG2 cells at 70% confluence using

Table 1 PCR primers and VNTR sequences (h, human).

Name Sequence Description

hSLC6A3 forward 50-ATGAGTAAGAGCAAATGCTCCG-30 Primers for human SLC6A3 mRNA CDS-30UTR (coding

sequence and 30UTR); template: cDNA synthesis from SK-

N-SH cell total RNA; insertion vector of amplification

products: pcDNA3.1/NT-GFP-TOPO

hSLC6A3 reverse 50-GCAGTTTTTCCATTGTGGATGTC-30

hSLC6A3 30UTR forward 50-AGAGCGGCCGCGCAGTTTTTCCA

TTGTGGATGTC-30
Primers for human DAT mRNA 30UTR; restriction sites: Xho

I, Not I; insertion vector of amplification products:

psiCHECK2hSLC6A3 30UTR reverse 50-CCGCTCGAGAGGGAGCAGAGAC

GAAGAC-30

hSLC6A3 137MUT forward 50-AGTTTTTGTTTACAAGAATAATTA

CGATATCTGAGTGAAG-30
Overlap extension PCR primers for miR-137 seed region

mutation

hSLC6A3 137MUT reverse 50-CTTCACTCAGATATCGTAATTA

TTCTTGTAAACAAAAACT-30

hGAPDH forward 50-TGCACCACCAACTGCTTAGC-30 Real-time PCR primers for human GAPDH mRNA

hGAPDH reverse 50-GGCATGGACTGTGGTCATGAG-30

hSLC6A3 forward 50-TGTGCTGGAAGCTGGTCA-30 Real-time PCR primers for human SLC6A3 mRNA

hSLC6A3 reverse 50-GGGTCTGAAGGTCACAATGC-30

Human mutation VNTR 50-AGCGTGTACTACCCCAG

GACGCATGCAGGGCCGCGAGA-30
miR-491 seed region mutation of DAT mRNA VNTR

Human wild-type VNTR 50-AGCGTGTACTACCCCAGGA

CGCATGCAGGGCCCCCACA-30
Basic unit of DAT mRNA VNTR
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Lipofectamine 2000 (Invitrogen) for 4 h before introduction

of miRNA mimics, anti-miRNAs, or negative control

duplexes for another 72 h [27, 28]. DAT-overexpressing

HepG2 cells were next incubated at 37 �C with 10 lg/mL

Hoechst 33342 (Sigma) for 15 min, and then visualized and

photographed using a fluorescence microscope (Olympus,

Tokyo, Japan) with a 209 objective.

Data Analysis

The data are expressed as mean ± SD. Student’s t-test was

used for statistical analysis. Values of P \ 0.05 were

considered statistically significant.

Results

TargetScan [22] (www.targetscan.org) and miRanda

(www.microrna.org) [23] were used for miRNA target

prediction. Using the bioinformatics prediction, we

screened and verified two of the most useful miRNAs:

miR-137 and miR-491. Our results confirmed that their

effective binding sites were located in the 30UTR of

SLC6A3 mRNA, and the miR-491 seed region was located

on the VNTR sequence.

miR-137 Regulates DAT Expression at the Post-

transcriptional Level

Bioinformatics analysis indicated that the seed region for

miR-137 was located in the 30 UTR of SLC6A3 mRNA.

This sequence is highly conserved in primates but not in

rodents (Fig. 1A). After constructing the expression vector

for luciferase reporter genes, we transferred reporter plas-

mids and miRNAs into SK-N-SH cells, and tests were

performed after 24 h of culture. Our results confirmed that

miR-137 reduced the luciferase expression activity of these

cells by 58%, and the miR-137 inhibitor increased luci-

ferase expression activity by 25% (Fig. 1B). miR-137

decreased luciferase activity in these cells in a dose-

dependent manner and reached a ceiling effect at

150–200 nmol/L (Fig. 1E).

We then investigated the effects of miR-137 on the

mRNA (Fig. 1C) and protein (Fig. 1D) expression levels of

the DAT in SK-N-SH cells. The results showed that the

mRNA levels of their DAT genes underwent the same

changes in luciferase expression activity. miR-137 reduced

the mRNA levels of the DAT genes by 55%, and the miR-

137 inhibitor increased them by 38% (Fig. 1C). These

results showed that miR-137 influenced the expression of

DATs in SK-N-SH cells.

Next, we tested whether the effect of miR-137 on

SLC6A3 expression in SK-N-SH cells occurs via the

predicted active site. We generated a point mutation in the

predicted miR-137 seed region using overlap extension

PCR [26], inserted the mutated SLC6A3 mRNA 30UTR

downstream of the psiCHECK2 reporter gene, and trans-

fected the mutated plasmid and miRNA into SK-N-SH

cells. The results showed that the regulatory effects of

miR-137 on the reporter genes disappeared after mutation

of its seed region (Fig. 1A, F). We inserted the DAT gene

protein coding sequence (CDS) and 30UTR downstream of

the green fluorescent protein (GFP) gene in pcDNA3.1 and

constructed a fusion expression plasmid: pcDNA3.1-GFP-

DAT-CDS-30UTR. We then transfected HepG2 cells with

the plasmid and miRNA together and detected GFP

expression under a fluorescence inverted microscope

(Olympus, Tokyo, Japan) after 48 h of incubation. The

reason for choosing HepG2 cells was that their DAT

expression was relatively low. The results showed that

miR-137 significantly reduced the fusion protein expres-

sion of GFP and the DAT in HepG2 cells (Fig. 4). These

results demonstrated that the predicted site was indeed the

site of action of miR-137.

miR-491 Regulates DAT Transcription by Targeting

the VNTR Seed Region

The VNTR sequence is an important functional site of the

SLC6A3 30UTR, and its copy-number usually ranges from

3 to 11 [11]. Previous studies have shown that a change in

copy-number is closely linked with many diseases, such as

idiopathic epilepsy, ADHD, alcohol and cocaine depen-

dence, susceptibility to Parkinson’s disease, and resistance

to nicotine dependence [6, 11, 14, 16, 17]. The seed region

of miR-491 in VNTR is highly conserved between humans

and rhesus monkeys (Fig. 2A, B).

Our bioinformatics analysis showed that the miR-491

seed region exists on the VNTR sequence of the 30UTR of

SLC6A3 mRNA. miR-491 reduced the luciferase activity of

SK-N-SH cells by 48%, and the inhibitor increased luci-

ferase activity by 11% (Fig. 3A), acting in a dose-depen-

dent manner (Fig. 3E). We inserted synthetic DNA

fragments (Invitrogen) with different VNTR copy-numbers

downstream of luciferase reporter genes, constructed

numerous reporter plasmids with various VNTR copy-

numbers, and then transferred the reporter plasmids and

miRNA into SK-N-SH cells by transient transfection

(Fig. 2A). The cells were tested after 24 h of culture [24].

Our results showed that miR-491 decreased the luciferase

expression in SK-N-SH cells with plasmid transfection

copy numbers of 1, 3, 7, and 11 by 25%, 36%, 48%, and

55%, respectively. The miR-491 inhibitor increased the

luciferase expression activity in these cells with plasmid

transfection copy numbers of 1, 3, 7, and 11 by 15%, 16%,

11%, and 14%, respectively (Fig. 3F). We investigated the
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effects of miR-491 on mRNA (Fig. 3B) and protein

(Fig. 3C) expression levels in SK-N-SH cells. The results

showed that miR-491 significantly decreased the SLC6A3

mRNA level by 67%, and the inhibitor significantly

increased the mRNA level by 78% (Fig. 3B). These results

showed that miR-491 may influence the DAT expression in

SK-N-SH cells similarly to miR-137.

We then tested whether miR-491, like miR-137, induces

the expression of SK-N-SH cell DAT genes through the

predicted active site. We synthesized a DNA fragment with

a point mutation in the predicted miR-491 seed region,

inserted 7 VNTRs of the miR-491 seed region mutation

downstream of the psiCHECK2 reporter gene, and

transfected the mutated plasmid and miRNA into SK-N-SH

cells. The results showed that the regulatory effects of

miR-491 on reporter genes disappeared after the mutation

of its seed region (Fig. 3D). Similar to the miR-137

experiment, we transfected HepG2 cells with the fusion

plasmid pcDNA3.1-GFP-DAT-CDS-30UTR and miRNA

together. We then observed GFP expression under a fluo-

rescence inverted microscope after 48 h of incubation. The

results showed that miR-491 significantly reduced the

expression of the GFP-DAT fusion protein in HepG2 cells

(Fig. 4). Using the predicted active site and overexpression

fusion protein, we demonstrated that the predicted site is

indeed the binding site of miR-491.

Fig. 1 miR-137 regulates the expression of DAT in SK-N-SH cells.

A The binding site of miR-137 in the 30UTR of SLC6A3 mRNA. The

mutated bases of the miR-137 binding site are shown in red. The

sequence alignments of the seed regions of the binding sites for miR-

137 are shown for the indicated species. The conserved sequences are

shown in gray. B Effects of miR-137/anti-miR-137 on the activity of

the luciferase reporter construct with the SLC6A3 30UTR in SK-N-SH

cells, which were transfected with different constructs for 5 h,

followed by transient transfection with miR-137/anti-miR-137

(100 nmol/L) for 48 h. DAT mRNA levels were assessed by

quantitative PCR (C), and protein levels were analyzed by Western

blot (D) in SK-N-SH cells transfected with miR-137, anti-miR-137, or

ctl-miR (100 nmol/L) for 72 h (representative result from three

independent experiments). E Effects of different concentrations of

miR-137 or anti-miRNA on the luciferase activity in SK-N-SH cells.

Different concentrations of miR-137 or anti-miRNA were transfected

for 48 h. F SK-N-SH cells were transfected with wild-type or mutated

constructs for 5 h, followed by transient transfection with miR-137/

anti-miR-137 (100 nmol/L) for 48 h. *P \ 0.05; **P \ 0.01;

***P \ 0.001, NS, not significant; WT, wild-type; Hsa, Homo

sapiens; Ptr, Pan troglodytes; Mml, Macaca mulatta; Cpo, Cavia

porcellus.
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Altogether, our results revealed that miR-491 can reg-

ulate DAT expression post-transcriptionally by targeting

the VNTR sequence. Moreover, the regulatory effects of

miR-491 on DAT expression were closely linked with the

VNTR copy number in the SLC6A3 30UTR.

Effects of miR-137 and miR-491 on Dopamine

Transport

The function of the DAT is to transport DA in the synaptic

cleft back into the synaptic interior so that the neuro-

transmitter is prevented from continuously inducing its

effects. To determine whether miR-137 and miR-491

influence the transport of extracellular DA in neurons by

regulating DAT expression, after miRNA transfection, we

placed neurons in 5 lg/mL DA solution that was prepared

with MEM, followed by incubation for 5 h. After washing

with PBS, the cells were lysed and intracellular DA levels

were assessed using a DA ELISA kit. Our results con-

firmed that miR-137 and miR-491 significantly reduced

neuronal DA uptake by 36% and 53%, respectively

(Fig. 5A, B).

To further verify that the effects of miRNA on neuronal

DA transport are mediated by the DAT, we conducted gene

silencing and overexpression experiments. There was a

significant positive correlation between the DA transport

and the expression of DATs in SK-N-SH cells (Fig. 5C–F).

After the neurons were transfected with siRNA using

RNAiMAX for 36 h and the SLC6A3 gene was silenced,

the neurons were transfected with miRNA and incubated

with 5 lg/mL DA. The test results of intracellular DA

levels confirmed that after SLC6A3 gene silencing, the

regulatory effects of miR-137, miR-491, and their

inhibitors on neuronal DA transport were lost (Fig. 5F).

Conversely, DAT overexpression significantly increased

the DA uptake of SK-N-SH cells (Fig. 5C). These results

showed that miR-137 and miR-491 affected DA uptake in

cells by regulating DAT expression.

Discussion

DAT, a member of the Na?/Cl--dependent transporter

gene family, is a membrane protein located at the terminals

of dopaminergic neurons [1, 2]. Most mesotelencephalic

DA neurons in the human brain express high levels of the

DAT throughout their entire somatodendritic and axonal

domains, whereas a smaller subpopulation of mesen-

cephalic DA cells and all hypothalamic DA cell groups

express little or no DAT [6, 27]. The DAT transports DA in

the synaptic cleft through the presynaptic membrane for

reuse after its physiological effects have taken place [8, 9].

The DAT can stop the transfer of information between

cells, plays a crucial role in controlling DA balance, and its

regulatory mechanism has been the focus of much research

on drug development for the treatment of addiction and

depression [6, 8–10, 28, 29]. Studies of DAT-knockout

mice have reported that DA synthesis increases two-fold,

but total DA levels are reduced by 95%, thus causing a

significant change in the neurochemical process [30]. This

shows that the DAT plays a crucial role in both terminating

DA signaling and refilling DA vesicles [29, 30]. The DAT

plays a critical role in addiction to psychoactive drugs,

including opiates, amphetamines, and cocaine, and the

pathogenesis of Parkinson’s disease and other nervous

system diseases [1, 5, 31]. Research has shown that the

fine-tuning of DA balance can be achieved by carefully

Fig. 2 Schematic diagram of

VNTRs and miR-491 seed

region in SLC6A3 mRNA.

A Human SLC6A3 mRNA

harbors 3–11 VNTRs within its

30UTR. The relative positions of

the VNTRs are indicated in blue.

Position 1 is the first nucleotide

following the termination

codon. B Sequence alignment of

the seed region in the SLC6A3

30UTR for miR-491.
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manipulating the DA channel. Multiple mechanisms can

affect DAT activity and the distribution of its expression

within cells [1, 4, 28, 29, 32–34]. Rapidly controlled sig-

naling pathways that are associated with DAT expression

include the activation of G-protein-coupled receptors and

intracellular second-messenger systems, thus influencing

protein–protein interactions. Multiple regulatory modes

can lead to changes in DAT function, which is considered

to be an underlying cause of major changes in DA transport

and behaviors that are modulated by DA [29, 35–37].

Cocaine can modulate the expression of the pitx3 gene

and subsequently the expression of DA receptors, DATs,

and tyrosine hydroxylase via miR-133b, suggesting that

miRNAs may play an important role in embryogenesis

and drug addiction [38]. The regulatory effect of miRNA

and the stability of the DAT gene appear to be

Fig. 3 miR-491 modulates DAT expression at the post-transcrip-

tional level through 30UTR VNTRs. A Effects of miR-491/anti-miR-

491 on the activity of the luciferase reporter construct with the

SLC6A3 30UTR in SK-N-SH cells. miR-491 or anti-miRNA

(150 nmol/L) was transfected for 48 h. DAT mRNA levels were

assessed by quantitative PCR (B), and protein levels were analyzed by

Western blot (C) in HepG2 cells transfected with miRNA, anti-

miRNA, or ctl-miR (150 nmol/L) for 72 h (representative result from

three independent experiments). D The SLC6A3 30UTR (7 VNTRs)

with mutation of the seed region of miR-491. SK-N-SH cells were

transfected with different constructs for 5 h, followed by transient

transfection with miR-491/anti-miR-491 (150 nmol/L) for 48 h.

E Different concentrations of the miR-491 were transfected for

48 h. The effect of ctl-miR on luciferase activity was defined as 1 for

each concentration. F Effects of miR-491/anti-miR-491 (150 nmol/L)

on the activity of the luciferase reporter constructs with different

VNTRs. *P \ 0.05; **P \ 0.01; ***P \ 0.001 vs ctl-miR, NS not

significant, WT wild-type.
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inextricably linked, and miRNAs play an important role

in regulating DAT expression and function. The multiple

effects of miR-137 have been extensively investigated. It

is a brain-enriched miRNA with a critical role in regu-

lating nervous system development and mediating

synaptic plasticity [39–41]. Furthermore, miR-137 is also

a candidate gene for schizophrenia susceptibility [40, 41],

tumor growth, and the inhibition of invasion [42–45]. Our

results indicated that miR-137 affects the expression of

luciferase through the SLC6A3 30UTR, thereby signifi-

cantly reducing the expression levels of neuronal DAT

mRNA and proteins and reducing neuronal DA transport.

After SLC6A3 silencing, the effect of miR-137 on DA

transport in neurons disappeared. When the DAT was

overexpressed, however, miR-137 had a stronger effect on

DA transport. Therefore, the DAT appears to be a direct

target of miR-137.

The SLC6A3 gene comprises 15 exons that span 60 kb

on chromosome 5p15.32. The 40-bp VNTR polymorphism

is located in exon 15 of the SLC6A3 gene [1]. The VNTR of

the SLC6A3 30-UTR consists of a 40-bp repeat with 3–13

copies, and the 9- and 10-repeat alleles are the most fre-

quently found in the human population. This polymor-

phism has been linked to various disease phenotypes that

involve disturbances in the regulation of dopaminergic

neurotransmission, such as alcoholism, cocaine abuse,

working memory, Alzheimer’s disease, ADHD, and emo-

tional behavior [11, 12, 14, 17, 46–51]. Research has

shown that changes in the number of VNTR copies are

closely related to DAT expression. For example, the

expression level of the 9-repeat allele is lower than the

10-repeat allele [11]. MIR-491 is a tumor-suppressor gene.

Two mature microRNAs, miR-491-3p and miR-491-5p, are

encoded by MIR-491 [52] and both mature forms are

involved in the modulation of crucial cancer hallmarks:

proliferation, invasion, and stem-cell propagation [52–54].

Targeted intervention in the miR-491-related signaling

pathway can enhance the efficacy of chemotherapy against

cancers [52, 53]. In the present study, we found that the

seed region of miR-491 was located on the VNTR sequence

Fig. 4 Fluorescence microscopic imaging of the DAT. After being

treated with miRNAs for 72 h, DAT-overexpressing HepG2 cells

were incubated with 10 lg/mL Hoechst 33342 at 37 �C for 15 min.

HepG2 cells were visualized and photographed using a fluorescence

microscope with a 209 objective. ‘Blank’ indicates that cells did not

overexpress DAT (representative result from three independent

experiments; scale bar 50 lm).
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in the 30UTR of SLC6A3 mRNA, and the regulatory effect

of miR-491 on DAT expression depended on the VNTR

copy-number in the 30UTR of the DAT gene mRNA. miR-

491 regulated the expression and function of the DAT

through its active site on the VNTR sequence. Altogether,

we demonstrated that miR-491 can regulate DAT expres-

sion post-transcriptionally by targeting the VNTR sequence,

and miRNA disturbances may be involved in the patho-

physiology of a variety of diseases.

The VNTR of SLC6A3 mRNA is highly conserved in

humans and rhesus monkeys. Since the origin of VNTR, the

regulation of the DA signaling system in primates may

differ from that in other species. With the variation of

VNTR copy number, the number in the miR-491 seed

region in the SLC6A3 mRNA 30UTR and the ability of

miR-491 to regulate SLC6A3 expression was correspond-

ingly changed. This mechanism may be a unique means of

DAT regulation in humans and rhesus monkeys. Therefore,

clarification of the action of miR-491 in regulating the

expression and function of the DAT by targeting the seed

region of VNTR is important.

The seed region of miR-491 is located in the VNTR

fragment of the DAT mRNA 30UTR, and the effect of miR-

491 on DAT expression is dependent on the VNTR copy-

number. The seed region of miR-137 is located in the DAT

mRNA 30UTR fragment outside the VNTR sequence, and

the effect of miR-137 on DAT expression and function

does not depend on the VNTR copy-number. After trans-

fection of anti-miR-137 and anti-miR-491, the endogenous

miR-137 and miR-491 were inhibited and the negative

regulation of the endogenous miRNAs on its target gene

DAT was released, and therefore the levels of mRNA and

protein were up-regulated.

However, we were unable to find an effective experi-

mental animal model to demonstrate that miR-137 and

miR-491 affect DA function and animal behavior through

post-transcriptional regulation of the DAT because of the

limitation associated with the binding-site homology of the

two miRNAs. We hope to be able to use central neurons or

myocardial cells with comparatively higher levels of DAT

expression and suitable animal models to further study the

effects of miR-137 and miR-491 on the expression and

function of the DAT and the relationship between miRNA

disturbances and DAT-related diseases within the scope of

medical research ethics.

In summary, our results demonstrated that miRNAs

have important regulatory effects on the expression and

function of the DAT, a key element in the DA signaling

pathway. miRNA interventions may be considered a

practical therapeutic strategy for diseases associated with

DAT dysfunction. These findings extend our understanding

of the DAT and the DA signaling system.

Fig. 5 miR-137 and miR-491 regulate DAT-dependent DA uptake

into nerve cells. A, B The effects of miR-137 (A) and miR-491 (B) on

DA transport in nerve cells. SK-N-SH cells were incubated with 5 lg/

mL DA for 5 h after treatment with miR-137/anti-miR-137

(100 nmol/L) (A) or miR-491/anti-miR-491 (150 nmol/L) (B) for

72 h. C After transfection of the DAT-OE plasmid, DA in SK-N-SH

cells increased. After transfection with SLC6A3 siRNA, the levels of

SLC6A3 mRNA (D) and DA (E) significantly decreased. F SLC6A3

silencing prevented the effects of miR-137 and miR-491 on DA

transport. *P \ 0.05; **P \ 0.01; ***P \ 0.001 vs ctl-miR, NS, not

significant; DAT-OE, DAT overexpression,
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Abstract Chronic exposure to opioids induces adaptation

of glutamate neurotransmission, which plays a crucial role

in addiction. Our previous studies revealed that agmatine

attenuates opioid addiction and prevents the adaptation of

glutamate neurotransmission in the nucleus accumbens of

chronic morphine-treated rats. The hippocampus is

important for drug addiction; however, whether adaptation

of glutamate neurotransmission is modulated by agmatine

in the hippocampus remains unknown. Here, we found that

continuous pretreatment of rats with ascending doses of

morphine for 5 days resulted in an increase in the hip-

pocampal extracellular glutamate level induced by nalox-

one (2 mg/kg, i.p.) precipitation. Agmatine (20 mg/kg,

s.c.) administered concurrently with morphine for 5 days

attenuated the elevation of extracellular glutamate levels

induced by naloxone precipitation. Furthermore, in the

hippocampal synaptosome model, agmatine decreased the

release and increased the uptake of glutamate in synapto-

somes from chronic morphine-treated rats, which might

contribute to the reduced elevation of glutamate levels

induced by agmatine. We also found that expression of the

hippocampal NR2B subunit, rather than the NR1 subunit,

of N-methyl-D-aspartate receptors (NMDARs) was down-

regulated after chronic morphine treatment, and agmatine

inhibited this reduction. Taken together, agmatine pre-

vented the adaptation of the hippocampal glutamate system

caused by chronic exposure to morphine, including mod-

ulating extracellular glutamate concentration and NMDAR

expression, which might be one of the mechanisms

underlying the attenuation of opioid addiction by agmatine.

Keywords Agmatine � Opioid addiction � Hippocampus �
Extracellular glutamate � NMDA receptors

Introduction

The development of a persistent addicted state is due to

adaptive changes in the brain upon chronic exposure to

drugs of abuse such as heroin, cocaine, methamphetamine,

and alcohol. These changes can lead to altered behavior,

become a driving force for continued drug-seeking [1–3],

and result in a debilitating chronic relapsing disorder. Drug

addiction is a serious socio-economic problem directly

affecting an estimated 8.3% of the USA population aged

12 years or older [4], with an impact on the user’s family

and friends.

Glutamate is the major excitatory neurotransmitter in the

mammalian brain and accounts for *70% of synaptic

transmission in the central nervous system [5]. Glutamate

and its receptors play important roles in controlling com-

pulsive and uncontrolled drug-use and the high incidence of

relapse [6–8]. Opioid addiction has been reported not only to

change basal glutamate levels and the presynaptic release of

glutamate in various brain regions, but also to alter the

expression of glutamate receptors, particularly N-methyl-D-

aspartate receptors (NMDARs) in the nucleus accumbens,

ventral tegmental area, basolateral amygdala, prefrontal
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cortex, and hippocampus [9–11]. The hippocampus, which

is the center for learning and memory, plays critical roles in

the processes by which chronic morphine leads to addictive

behaviors, cognitive impairment, and relapse [12–14]. Acute

and chronic administration of morphine decreases the

extracellular glutamate levels in the CA1 area of the hip-

pocampus [15, 16]. In addition, it has been postulated that

one of the neural mechanisms underlying the high rate of

relapse is the sudden increase in extracellular glutamate in

the hippocampus with exposure to drugs, stress, and con-

ditioned cues. This sudden glutamate increase activates

glutamatergic neurons in the hippocampus, which may lead

to an increase of dopaminergic neuronal activity in the

ventral tegmental area [17]. Some evidence indicates that

morphine sensitization alters glutamate receptors in the

dorsal hippocampus [18, 19]. So the hippocampus plays a

critical role in drug addiction and may also be a crucial

region for understanding the relationship between glutamate

plasticity and opioid addiction.

Agmatine is endogenously synthesized by the decar-

boxylation of L-arginine in mammals, and is a putative

neurotransmitter and/or neuromodulator [20]. Agmatine is

widely distributed in the central nervous system, and has

various biological actions [21, 22] including activating

imidazoline receptors, blocking NMDARs, and inhibiting

nitric oxide synthase activity [21]. In the past decade, a

growing body of evidence from our laboratory and others

has shown that systemic administration of agmatine

enhances opioid analgesia but attenuates opioid-induced

tolerance and addiction [23–27]. Moreover, agmatine

modulates the adaptation of glutamate transmission in the

nucleus accumbens in chronic morphine-treated rats [28].

Thus, there has been growing interest in understanding the

relationship between the changes in the glutamate system

in other brain regions, such as the hippocampus, and the

modulation of opioid addiction by agmatine.

The present study was designed to investigate the effect

of agmatine on glutamate transmission in the hippocampus

of rats chronically exposed to morphine.

Materials and Methods

Animals

All experiments were carried out in accord with the

National Institute of Health Guide for the Care and Use of

Laboratory Animals (Publication No. 41-48, revised in

1996) and were approved by the Animal Welfare and

Ethics Committee of Beijing Institute of Pharmacology and

Toxicology. Efforts were made to minimize the number of

animals used and their suffering.

Male Wistar rats (220–250 g) were obtained from the

Jingfeng Medical Laboratory Animal Center, China. All

rats were housed for at least 1 week before surgery and

were maintained in a 12-h light:12-h dark environment

(lights on 08:00–20:00) at 24 ± 0.5 �C and 40–50%

humidity. The animals were provided free access to food

and water.

Drug Administration, In Vivo Microdialysis,

and High-Performance Liquid Chromatography

(HPLC)/Electrochemical Detection (ECD) Assays

In vivo Microdialysis

The chronic morphine-treated rat model was established

and microdialysis was performed as described previously

[28]. Briefly, the model was established by subcutaneous

(s.c.) injection of morphine (Qinhai Pharmaceutical Fac-

tory, Xining, China) twice daily for 5 consecutive days.

The doses of morphine were 10 mg/kg on day 1, 20 mg/kg

on day 2, 30 mg/kg on day 3, 40 mg/kg on day 4, and

50 mg/kg on day 5. The control group received saline

injection according to the same schedule. Agmatine

(20 mg/kg, s.c.; Sigma-Aldrich, St. Louis, MO) was

injected 30 min before morphine administration. The rats

were given naloxone [2 mg/kg, intraperitoneal (i.p.),

Sigma-Aldrich] 6 h after the last morphine injection.

A CMA/12 microdialysis guide cannula (CMA Micro-

dialysis, Stockholm, Sweden) was stereotaxically inserted

into the right hippocampal CA1 area through the cannula

guide (1.7 mm posterior from bregma, 1.1 mm lateral, and

2.5 mm below the surface of the skull (Paxinos and Watson

1998). The efficient dialysis length of the probe was 1 mm.

The drugs were administered (according to the above

schedule) 16 h after the operation, when the rats had

recovered consciousness. After the last morphine treat-

ment, rats were transferred to a free-moving animal system

(BAS/100). The microdialysis probes (CMA/12) were

inserted into the guide cannula. They were perfused with

Ringer’s solution (in mmol/L: 145 NaCl, 2.7 KCl, 2.2

CaCl2, and 1.1 Na2HPO4, pH 7.4) at a constant flow rate of

2 lL/min. Following an equilibration period of 3–4 h, a

series of three sequential 30-min samples were taken from

each rat to obtain a steady baseline. The drugs were then

given and the glutamate levels in the dialysates were

determined by HPLC/ECD every 15 min for the first

30 min and every 30 min thereafter until 150 min. The

values were expressed as ratios to the pre-injection values.

After each microdialysis experiment, the rats were sacri-

ficed by rapid decapitation, and the location of the dialysis

probe was verified by histological examination. Data were

discarded if the probe was incorrectly positioned.
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HPLC/ECD Assay

After pre-column derivatization by o-phthalaldehyde

(Dikma, Lake Forest, CA, USA), the amount of glutamate

in the dialysis samples was quantified by HPLC (Agilent

1100 series, Santa Clara, CA, USA) using the electro-

chemical detector with the Supelco Hypersil ODS column

(150 9 4.6 mm, 5 lm), as previously described [29]. The

mobile phase was composed of citric acid-sodium acetate

buffer containing Na2-EDTA and 1-octanesulfonate

sodium salt with 10% methanol (v/v) in water (pH 3.65).

The flow rate was 1 mL/min. The vitreous carbon reference

electrode was set at ?0.7 V.

Glutamate Release and Uptake Assays

Synaptosome Preparation

Drug treatment was as above. The hippocampus was

rapidly dissected on ice 15 min after naloxone injection,

and synaptosomes were prepared using the standard

method [30]. Protein content was determined by the

Bradford method. The synaptosomal fractions were stored

on ice and used within 4 h for glutamate release and uptake

assays.

Glutamate Release Assay

For basal conditions, synaptosomes (20 lg) were incubated

in Krebs–Ringer HEPES buffer (in mmol/L: 140 NaCl, 5

KCl, 5 NaHCO3, 1 MgCl2�6H2O, 1.2 Na2HPO4, 10 glu-

cose, 20 HEPES, pH 7.4, and equilibrated with 95% O2/5%

CO2) containing 1.3 mmol/L CaCl2 for 20 min at 37 �C.

Incubation was stopped by centrifugation (14,6009g for

10 min at 4 �C). The supernatants were stored at -70 �C

until HPLC analysis.

Glutamate Uptake Assay

Synaptosomes (20 lg) were incubated in 400 lL Krebs–

Ringer HEPES buffer containing CaCl2, according to a

previous study [31]. After incubation (37 �C for 15 min),

glutamate uptake was initiated by adding 100 lL of

10 nmol/L (45 Ci/mmol) [3H]-glutamic acid to the reaction

system at 37 �C for 4 min. Non-specific uptake was

determined by the addition of non-radioactive glutamate

(1 mmol/L) into the total volume (500 lL) of the reaction

system. The uptake was terminated by filtration on GF/C

glass-fiber filters (Whatman, Maidstone, UK) under vac-

uum. After three washes in 5 ml ice-cold saline and drying,

scintillation fluid was added to the filters and the radioac-

tivity was quantified by liquid scintillation counting.

Immunoblotting

Drug treatment was as above, except that the naloxone

injection was omitted. The rats were sacrificed 4 h after the

last morphine injection and the hippocampus was dissected

out. Western blot analysis was performed as described

previously [28]. Protein extracts from the hippocampus of

morphine-treated rats were separated on 8% polyacry-

lamide gels and transferred to polyvinylidene difluoride

membranes (Amersham Pharmacia Biotech, Stockholm,

Sweden) by Western-blotting. For detection, the mem-

branes were incubated overnight at 4 �C with the primary

antibody anti-NR2B (1:2000, a gift from Professor Jian-

hong Luo, Zhejiang University, China) or anti-NR1

(1:1000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,

USA). Anti-b-actin (1:5000, Santa Cruz Biotechnology,

Inc.) served as the house-keeping protein. After incubation

with the secondary antibodies, bands were visualized using

an ECD kit (Applygen Technologies Inc., Beijing, China)

according to the manufacturer’s instructions. The blots

were scanned and analyzed using ImageJ software (NIH,

Bethesda, MD). Values are expressed as the ratio of anti-

NR1 or anti-NR2B to anti-b-actin in order to control for

variations in protein loading.

Statistical Analysis

All data are presented as the mean ± SEM and were

analyzed by one-way or two-way ANOVA for repeated

measures followed by the Bonferroni test. All statistical

procedures used SAS software (version 6.12, Cary, NC,

USA). Significance was reached at values of P \ 0.05.

Results

Agmatine Attenuated the Elevation of Extracellular

Glutamate Levels in the CA1 Region

of the Hippocampus in Chronic Morphine-Treated

Rats

The effects of acute administration of morphine, agmatine,

and naloxone on the extracellular glutamate levels in hip-

pocampal CA1 are shown in Fig. 1A. Two-way ANOVA

revealed marked differences in treatment, time, and inter-

action (treatment: F(2, 12) = 59.68, P \ 0.0001; time:

F(6, 84) = 16.97, P \ 0.0001; interaction: F(12, 104) =

5.206, P \ 0.0001). Acute administration of morphine

(10 mg/kg, s.c.) significantly decreased the level of gluta-

mate in CA1 by 35% at 90 min and lasted until at least

150 min, compared with the baseline level (Fig. 1A).

However, acute administration of agmatine (20 mg/kg,
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s.c.) or naloxone (2 mg/kg, i.p.) did not change the gluta-

mate level in the dialysate, compared with baseline

(Fig. 1A). Two-way ANOVA revealed differences in

treatment, time, and interaction (treatment: F(2, 12) =

5.364, P \ 0.05; time: F(6, 84) = 18.12, P \ 0.0001;

interaction: F(12, 104) = 22.99, P \ 0.0001; Fig. 1B). After

chronic morphine treatment, naloxone (2 mg/kg, i.p.) sig-

nificantly increased the concentration of glutamate, which

reached a peak of 159% at 15 min after naloxone injection

and returned to baseline after 60 min (Fig. 1B). Agmatine

(20 mg/kg, s.c.) co-pretreatment with morphine for 5 days

completely abolished the elevation of glutamate induced by

naloxone precipitation (Fig. 1B).

Agmatine Decreased the Glutamate Release

and Increased its Uptake in the Hippocampus

of Chronic Morphine-Treated Rats

To explore how agmatine attenuated the elevation of

extracellular glutamate levels, we measured the release and

uptake of glutamate. In hippocampal synaptosomes, the

release of glutamate markedly increased by 16% in

naloxone-treated rats with chronic exposure to morphine

(P \ 0.05; Fig. 2A). Agmatine (20 mg/kg, s.c.) co-pre-

treatment with morphine completely prevented the increase

in glutamate release (P \ 0.05; Fig. 2A); however, chronic

treatment with agmatine alone (20 mg/kg, s.c.) did not alter

the glutamate release (Fig. 2A). In [3H]-glutamate uptake

assays, we found that glutamate uptake was significantly

decreased in hippocampal synaptosomes from chronic

morphine-treated rats with naloxone precipitation, and this

decrease was prevented by agmatine (20 mg/kg) co-

Fig. 1 Agmatine attenuated the naloxone-induced elevation of hip-

pocampal extracellular glutamate in chronic morphine-treated rats.

A Effect of acute administration of morphine, agmatine, or naloxone

on dialysate glutamate levels in the hippocampal CA1 region (n = 9;

*P \ 0.05; ***P \ 0.001 vs baseline; two-way ANOVA for repeat

measures followed by Bonferroni test). Nal naloxone, Mor morphine,

Agm agmatine. B Effect of agmatine on the elevation of hippocampal

glutamate levels after naloxone injection in chronic morphine-treated

rats (n = 5; *P \ 0.05 vs Con group, #P \ 0.05 vs Mor group; two-

way ANOVA for repeat measures followed by Bonferroni test). Con

control, Mor morphine, Agm ? Mor agmatine concurrent with

morphine for 5 days.

Fig. 2 Agmatine decreased glutamate release and increased gluta-

mate uptake of hippocampal synaptosomes from chronic morphine-

treated rats. A Effect of agmatine on glutamate release in chronic

morphine-treated rats. B Effect of agmatine on the uptake of [3H]-

glutamate in synaptosomes from chronic morphine-treated rats

(n = 9; *P \ 0.05 vs Con group, #P \ 0.05 vs Mor group, one-way

ANOVA followed by Bonferroni test). Con control, Mor morphine,

Agm agmatine, Agm ? Mor agmatine administered with morphine for

5 days.
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pretreatment with morphine (P \ 0.05; Fig. 2B). Chronic

treatment with agmatine alone did not affect glutamate

reuptake (Fig. 2B). The above results suggested that

agmatine attenuates the elevation of hippocampal extra-

cellular glutamate in chronic morphine-treated rats by both

decreasing glutamate release and increasing its uptake.

Agmatine Prevented the Down-Regulation

of NMDA NR2B Subunit Expression

in the Hippocampus of Chronic Morphine-Treated

Rats

In chronic morphine-treated rats, the level of hippocampal

NR1 subunit did not change, while the level of the NR2B

subunit was decreased by 26% (P \ 0.05; Fig. 3A, B).

These results suggested that the subunit structure of the

NMDARs in the hippocampus changes during chronic

morphine treatment, while their density remains unchan-

ged. Chronic administration of agmatine (20 mg/kg, s.c.)

with morphine completely prevented the morphine-induced

reduction of the NR2B subunit level (P \ 0.05; Fig. 3B).

Agmatine alone had no effect on the expression of both

NR1 and NR2B subunits (Fig. 3A, B).

Discussion

Accumulating evidence suggests that alterations in the

glutamate system trigger a cascade of adaptations under-

lying the physical and psychological dependence on mor-

phine, or behavioral sensitization in animal models [5, 32].

According to our previous studies, agmatine (20 mg/kg)

attenuates opioid-induced tolerance, physical dependence,

and addiction, as well as reversing the adaptations of glu-

tamate neurotransmission in the nucleus accumbens

induced by chronic exposure to morphine [23, 25, 28, 33].

In the present study, we found that agmatine prevented the

adaptations of the glutamate system, including extracellu-

lar glutamate concentration and NMDAR expression, in the

hippocampus during chronic morphine treatment, which

might be one of mechanisms by which agmatine modulates

opioid addiction.

Glutamate is the major excitatory neurotransmitter in

the brain and adaptations of glutamatergic neurotransmis-

sion are crucial for drug addiction. Many studies have

demonstrated that the hippocampus is an important com-

ponent of the reward circuit, and that adaptations of hip-

pocampal glutamatergic neurotransmission contribute to

reward-related learning and memory, withdrawal, drug

seeking, and reinstatement. Therefore, interventions that

regulate either synaptic and non-synaptic extracellular

glutamate, which is controlled by glutamate release and

reuptake, or the function and expression of postsynaptic

glutamate receptors, can influence drug addiction [34].

Agmatine is considered to be a novel neurotransmitter and/

or neuromodulator, modulating the release of some neu-

rotransmitters and hormones. However, reports about the

effects of agmatine on glutamate levels are limited. Pre-

vious studies have reported that agmatine blocks the

increase of extracellular glutamate during pentylenetetra-

zol-induced seizures [35]. In the current study, we found

that acute administration of agmatine alone (20 mg/kg) did

not affect extracellular glutamate levels in the hippocam-

pus. However, chronic agmatine co-pretreatment with

Fig. 3 Agmatine prevented down-regulation of the NR2B subunit,

but not the NR1 subunit, of NMDARs in the hippocampus of chronic

morphine-treated rats (n = 10; *P \ 0.05 vs Con group, #P \ 0.05 vs

Mor group, one-way ANOVA followed by Bonferroni test). Con

control, Mor morphine, Agm agmatine, Agm ? Mor agmatine

administered with morphine for 5 days.
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morphine prevented the increase of extracellular glutamate

levels induced by naloxone precipitation in chronic mor-

phine-treated rats, which is consistent with our previous

findings in the nucleus accumbens. Therefore, the attenu-

ation of the increase in extracellular glutamate may be one

of the neurochemical mechanisms underlying the agma-

tine-mediated inhibitory effect on opioid addiction.

In general, extracellular glutamate levels are controlled

by its release and reuptake in both neurons and glial cells

[36]. Unlike in the nucleus accumbens, agmatine prevented

both the increase in glutamate release and the decrease in

glutamate uptake in the hippocampus when co-adminis-

tered with morphine, which might contribute to the inhi-

bitory effect of agmatine on the elevation of hippocampal

extracellular glutamate caused by chronic morphine treat-

ment and naloxone precipitation. Previous studies have

indicated that naloxone-precipitated withdrawal and cue-

or drug-induced relapse lead to the enhancement of neu-

ronal glutamate release in chronic opioid-treated animals,

whereas the decrease in basal extracellular glutamate levels

during chronic opioid treatment is due to reduced cystine-

glutamate exchange in astrocytes [16, 36, 37]. In the pre-

sent study, chronic morphine treatment and naloxone pre-

cipitation increased glutamate release from hippocampal

synaptosomes, and agmatine co-pretreatment with mor-

phine abolished this phenomenon, suggesting that the

ability of agmatine to attenuate the naloxone-induced ele-

vation of extracellular glutamate is due to its reduction of

neuronal glutamate release. Neurotransmitter release from

presynaptic membranes is Ca2?-dependent. Previous

studies have shown that agmatine attenuates voltage-gated

Ca2? channel currents in isolated neurohypophysial ter-

minals and in cultured rat hippocampal neurons [38, 39];

this might contribute to the inhibition of glutamate release

by agmatine.

The elimination of extracellular glutamate is governed

by glutamate transporters, the most influential of which is

glutamate transporter 1 (GLT1). Repeated treatment with

morphine induces a significant increase in the protein

levels of membrane-bound GLT1 [40]. The increasing

expression of GLT1 directly promotes glutamate reuptake

and decreases extracellular glutamate concentrations [41].

Although glial GLT1 was thought to be primarily respon-

sible for extracellular glutamate reuptake in most brain

regions in drug addiction, Xu et al. reported that neuronal

GLT1 contributes to hippocampal glutamate reuptake

during morphine withdrawal [40]. In the present study, the

[3H]-glutamate uptake assay revealed that glutamate

uptake into hippocampal synaptosomes markedly

decreased in chronic morphine-treated rats and agmatine

co-treatment with morphine completely reversed the

decrease, suggesting that the neuronal mechanism of glu-

tamate reuptake at least in part contributes to the regulation

of extracellular glutamate levels by agmatine. However, we

found that naloxone treatment for 15 min decreased glu-

tamate reuptake by hippocampal synaptosomes from

chronic morphine-treated rats, which was inconsistent with

the findings of Xu et al. This contradiction might be due to

the difference in the time of naloxone-induced withdrawal,

which in Xu’s report was 1 h after naloxone administration

[40].

The adaptations of glutamate transmission involve both

glutamate levels and glutamate receptors. NMDARs are

primarily located in postsynaptic membranes that mediate

fast excitatory neurotransmission. NMDARs are assembled

from NR1, NR2 (NR2A, NR2B, NR2C, NR2D), and NR3

(NR3A, NR3B) subunits. The NR1 subunit is the essential

component, and its number represents the expression level

of NMDARs. The various isoforms of the NR2 subunit

modify the electrophysiological characteristics of the

receptor. The NR2B subunit tends to transform into the

NR2A subunit, resulting in the functional diversity of

NMDARs [42]. First, the deactivation time of NR1/NR2A

assemblies is shorter, and the EC50 for glutamate or glycine

is higher than in NR1/NR2B assemblies. Second, the speed

of excitatory postsynaptic current decay is different.

Finally, NR2A assembles as a functionally distinct tri-

heteromeric NMDAR (i.e. NR1/NR2A/NR3) more easily

than the other NR2 subunit isoforms, and this channel has

reduced relative Ca2? permeability [43]. Accumulating

evidence suggests that NMDARs, particularly those con-

taining the NR2B subunit, play a crucial role in opioid

addiction [44]. Chronic exposure to morphine markedly

decreases the expression of the NR2B subunit in the

nucleus accumbens [45], frontal cortex, and striatum [45].

In rat hippocampus and hypothalamus, chronic morphine

treatment fails to affect the allosteric binding but signifi-

cantly decreases the expression of NR2B [46–48]. In the

present study, we showed that in the hippocampus of

chronic morphine-treated rats, expression of the NR2B

subunit, but not the NR1 subunit, was significantly down-

regulated, and agmatine reversed this change. This sug-

gested that agmatine not only prevents alteration of the

extracellular glutamate level, but also reverses the adap-

tation of NMDAR expression. However, the electrophysi-

ological characteristics of NMDARs in the hippocampus of

chronic morphine-treated rats and the effect of agmatine on

them remain unclear.

In conclusion, we have demonstrated that, in the hip-

pocampus of chronic morphine-treated rats, agmatine pre-

vents or attenuates chronic morphine-induced adaptations

of the hippocampal glutamate transmission system,

including attenuating the elevation of extracellular gluta-

mate levels through the modulation of glutamate release

and reuptake and preventing the down-regulation of the

NR2B subunit expression of NMDARs. This may be one of
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neurobiological mechanisms by which agmatine attenuates

opioid addiction.
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Abstract Clinical and animal studies have indicated that

propofol has potential for abuse, but the specific neurobi-

ological mechanism underlying propofol reward is not

fully understood. The purpose of this study was to inves-

tigate the role of extracellular signal-regulated kinase

(ERK) signal transduction pathways in the nucleus

accumbens (NAc) in propofol self-administration. We

tested the expression of p-ERK in the NAc following the

maintenance of propofol self-administration in rats. We

also assessed the effect of administration of SCH23390, an

antagonist of the D1 dopamine receptor, on the expression

of p-ERK in the NAc in propofol self-administering rats,

and examined the effects of intra-NAc injection of U0126,

an MEK inhibitor, on propofol reinforcement in rats. The

results showed that the expression of p-ERK in the NAc

increased significantly in rats maintained on propofol, and

pre-treatment with SCH23390 inhibited the propofol self-

administration and diminished the expression of p-ERK in

the NAc. Moreover, intra-NAc injection of U0126 (4 lg/

side) attenuated the propofol self-administration. The data

suggest that ERK signal transduction pathways coupled

with D1 dopamine receptors in the NAc may be involved in

the maintenance of propofol self-administration and its

rewarding effects.

Keywords Dopamine receptor � Drug reward � ERK �
Anesthesiology � Nucleus accumbens

Introduction

Propofol is a short-acting intravenous anesthetic, widely

used for anesthesia and sedation. Apart from its medical

uses, propofol also has potential for dependence and abuse

and has been reported to be abused for entertainment [1, 2].

The evidence shows that propofol induces feelings of well-

being, relaxation, sexual hallucinations, and euphoria. An

anesthesiologist became psychologically dependent on

propofol because he initially self-administered it to relieve

stress [3, 4]. Furthermore, animal studies suggest that

propofol has abuse potential, as assessed using the condi-

tioned place preference test [5, 6] and an intravenous self-

administration model [7, 8]. Our previous studies have

shown that dopamine (DA) receptors and c-aminobutyric

acid receptors are involved in intravenous propofol self-

administration in rats [7]. Though the clinical and pre-

clinical data indicate that propofol has psychic dependence

and abuse potential, the specific neurobiological mecha-

nism underlying propofol reward is not fully understood.

Extracellular signal-regulated kinase (ERK) has

been widely implicated as the central mediator of signal

transduction in neuroadaptation, morphological plasticity,

behavioral performance [9], and even in mood modulation

[10]. ERK is expressed in the brain [11], and is especially

abundant in the mesocorticolimbic DA system. Recently,

accumulating evidence has indicated that ERK signal
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transduction pathways in mesocorticolimbic areas are

involved in drug dependence and addiction [12, 13]. Acute

or repeated administration of cocaine, nicotine, and mor-

phine enhances ERK phosphorylation in the nucleus

accumbens (NAc), which is a major terminal area of the

mesolimbic DA projection systems and a crucial compo-

nent of the neuronal circuitry mediating reward-related

behaviors. In addition, microinjections of the MEK inhi-

bitors PD98059 or U0126 into the NAc impair the acqui-

sition of morphine or tetrahydrocannabinol (THC)

conditioned place preference in mice [14, 15]. Moreover,

activation of ERK signal transduction pathways in the

mesocorticolimbic area also mediates the rewarding effect

of cocaine and cocaine-induced locomotor sensitization

[16, 17]. Thus, here we hypothesized that ERK signal

transduction pathways in the NAc may be involved in

propofol self-administration.

To test this hypothesis, we assessed the expression of

p-ERK in the NAc of rats with maintained propofol self-

administration, and investigated whether administration of

SCH23390, an antagonist of the D1 DA receptor, affected

p-ERK expression in the NAc of these rats. Specifically,

we also investigated the effects of micro-injection of

U0126, an MEK inhibitor, into the NAc in such rats.

Materials and Methods

Animals

Forty-two adult male Sprague–Dawley rats (280–300 g, from

the Experimental Animal Center of Zhejiang Province,

Hangzhou, China) were housed individually in home cages in

a temperature-controlled ventilated colony room with a

reversed 12-h light/dark cycle (lights on at 19:00). All animals

were weighed each day. Ad libitum food and water were

provided in the home cage. All procedures were in strict

accordance with the NIH Guide for the Care and Use of

Laboratory Animals and were approved by the Animal Care

and Use Committee of Zhejiang Province and the Ningbo

Addiction Research and Treatment Center. After completion

of experiments, some rats were sacrificed immediately after

pentobarbital anesthesia and their brains removed for analysis

of cannula placement and Western blotting.

Reagents

Propofol (10 mg/mL; Diprivan) was from AstraZeneca

(Wuxi, China). A dose of 1.7 mg/kg per infusion was

chosen for the intravenous propofol self-administration

based on a previous study [7]. R-(?)-7-chloro-8-hydroxy-

3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine

hydrochloride (SCH23390), a D1 DA receptor antagonist

from Sigma Chemical Co. (St. Louis, MO), was dissolved

in sterile saline and adjusted to pH 4.5 with 0.1 mol/L

NaOH. An injection volume of 1 mL was then delivered to

each rat.

1,4-Diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)

butadiene (U0126), an ERK1/2-selective inhibitor, was from

Sigma Chemical Co. and dissolved in 20% dimethyl sulfox-

ide. The volume of intracerebral infusion was *0.5 lL/side.

Surgical Procedures

Rats were surgically implanted with chronic indwelling

intravenous catheters or/and a guide cannula into the NAc

as described previously [7, 18]. The catheters were flushed

daily with 0.3 mL saline–heparin (25 U/mL heparin). The

rats were allowed to recover for at least 7 days and treated

with penicillin B to prevent infection. In some experiments,

guide cannulae (20-gauge, Small Parts Inc., Roanoke, VA)

were implanted bilaterally into the NAc (AP: 1.5 mm, ML:

2.0 mm, and DV: –6.7 mm) based on a previous study

[18], and the cannulae were attached to the skull with

dental acrylic.

Microinjection Procedure

On day 15, well-trained rats received microinjections via a

microinjection pump (MD-1001, Bioanalytical System

Inc., West Lafayette, IN). All injections into the NAc were

delivered through infusion cannulae in a volume of 0.5 lL

per site as described previously [7].

Propofol Self-Administration Training

Rats were trained to self-administer propofol in an Operant

Behavioral Apparatus (Ningbo Addiction Research and

Treatment Center, Ningbo, China) for 14 daily 3-h training

sessions. Prior to each training session, the rats were

moved to the operant chamber and attached to the infusion

lines through connectors. The training session was as

described previously [7, 18]. Briefly, rats received an

infusion of propofol (1.7 mg/kg per infusion) under a fixed

ratio of 1 by triggering the active nose-poke hole when a

green light inside was switched on. Each infusion was

paired with a 5-s illumination of the room lights. This was

followed by a 30-s time-out, during which a response had

no consequences but was still recorded. Illumination of the

green light in the active nose-poke hole signaled the end of

the 30-s time-out period. No programmed infusions were

given when rats touched the inactive nose-poke hole. The

sessions were ended after 3 h or 50 propofol infusions. The

rats were returned to their individual home cages shortly

after each session.
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Animal Treatments

A schematic representation of the time-line of experiments

is shown in Fig. 1.

Experiment 1: Effect of systemic administration of

SCH23390 on the maintenance of propofol self-

administration.

Rats completed propofol self-administration in daily 3-h

sessions for a total of 14 days. Twenty-four rats (6/group)

were tested for the effects of SCH23390, an antagonist of

the D1 DA receptor given systemically before propofol

rewarding. Ten minutes prior to the session on day 15, the

well-trained rats received an intraperitoneal injection of

SCH23390 at 0, 10, or 30 lg/kg. And 6 naı̈ve rats were

chosen as the control group.

Experiment 2: Effect of intra-NAc injection of U0126

on the maintenance of propofol self-administration.

Eighteen rats with guide cannulae implanted bilaterally

were trained to self-administer propofol for 14 days. On

day 15, 18 well-trained rats (6/group) had the MEK inhi-

bitor U0126 microinjected into the NAc at 0, 2, or 4

lg/side. Ten minutes later, the rats were moved into the

operant chambers and allowed to self-administer propofol.

Western Blot Analysis

After the final test session in Experiment 1, the rats were

anesthetized with pentobarbital (80 mg/kg) and decapi-

tated. The brain was rapidly isolated and the entire NAc

was dissected on ice from a 2-mm coronal slice using a

brain matrix. Briefly, the NAc tissue samples were

homogenized in cold lysis buffer (Beyotime, Nantong,

China) plus 1:100 phenylmethylsulfonyl fluoride and

phosphatase inhibitors. The proteins in the samples were

extracted by centrifugation at 12,000 rpm for 30 min in

4 �C to remove debris. The protein level was measured

with a BCA kit (Beyotime), and samples were loaded onto

10% sodium dodecyl sulfate (SDS) polyacrylamide gel and

subjected to electrophoresis in a Bio-Rad Mini Western

blotting apparatus (Pleasanton, CA) with Tris/glycine/SDS

buffer at 150 V for 1.5 h. Following SDS-electrophoresis,

protein was transferred from the gels onto a nitrocellulose

membrane (Bio-Rad) at 300 mA for 1 h. The membrane

was blocked in 5% nonfat milk in TBST for 1 h at room

temperature with shaking. After blocking, the membranes

were incubated with anti p-ERK1/2 antibodies (1:1000,

Santa Cruz Biotechnology Inc., Santa Cruz, CA) and

glyceraldehyde-3-phosphate dehydrogenase as a loading

control (1:2000) in 5% milk-TBST overnight at 4 �C. Blots

were washed 3 times in TBST for 30 min. Then blots were

left to incubate for 2 h at room temperature in 5% dried

nonfat milk in TBST and the horseradish peroxidase-con-

jugated secondary antibody (1:5000). The protein of interest

was detected using an ECL chemiluminescence kit (Sangon

Biotech, Shanghai, China) after 3 washes in TBST. The blots

were then stripped and re-probed for total ERK (1:1000,

Santa Cruz Biotechnology Inc.). The immunoblotting bands

were analyzed by integrative densitometry using GeneSnap

and GeneTools (Chemigenius Gel Documentation System,

Syngene, Cambridge, UK) [19].

Histological Analysis

After the end of testing, anesthetized rats were perfused

with 0.01 mol/L PBS followed by 4% paraformaldehyde.

Coronal sections were cut in the coronal plane at 50 lm on

a cryostat microtome (Leica CM1850; Leica, Wetzlar,

Germany). The placement of each cannula tip was verified

by light microscopy and mapped onto a schematic diagram

of the rat brain [7].

Statistical Analysis

The numbers of active and inactive responses and infusions

during self-administration were analyzed using one-way

ANOVA or two-way ANOVA with repeated measures.

A Newman-Keuls multiple comparison with an alpha level

of 0.05 was used for post hoc comparisons.

Results

Maintained Propofol Self-Administration in Rats

Rats developed reliable self-administration of propofol

after 14 days of training under a fixed ratio of 1 (Fig. 2).

Repeated measures showed an increase in the number of

active responses for propofol (F(1,34) = 2509.32,

P \ 0.01), while it did not alter the number of inactive

responses. The number of propofol infusions increased

significantly after 2–3 days of training (Fig. 2B). These

Fig. 1 Schematic of the time

line of all experiments. FR1,

fixed ratio = 1.
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results showed that rats acquired and maintained the

propofol self-administration.

D1 Receptor Antagonist SCH23390 Reduces ERK

Expression in the NAc

On day 15 of propofol self-administration, rats were pre-

treated with either saline (control) or SCH23390 at 10 or

30 lg/kg, 10 min prior to propofol self-administration. The

results showed that SCH23390 dose-dependently inhibited

the active responses (Fig. 3A; F(2,17) = 65.21, P \ 0.01)

and the self-administered infusions of propofol (Fig. 3A;

F(2,17) = 43.16, P \ 0.01) compared to the vehicle group.

Similarly, p-ERK/ERK was higher in the propofol self-

administering rats than in naı̈ve rats (Fig. 3B,

F(3,11) = 1350.21, P \ 0.001). Compared to the vehicle

group, the p-ERK/ERK levels in the NAc were lower in

rats pretreated with either 10 or 30 lg/kg SCH23390

(Fig. 3B; both P \ 0.05). Clearly, pretreatment with

SCH23390 dose-dependently decreased the expression of

p-ERK in the NAc, which correlated with its inhibitory

action on the maintained propofol self-administration.

These results indicated that blockade of the D1 DA

receptor inhibits propofol self-administration via reducing

p-ERK expression in the NAc.

MEK Inhibitor U0126 Attenuates Propofol Self-

Administration

ANOVA revealed that pre-microinjection of U0126 into

the NAc attenuated the active responses (F(2,17) =

315.38, P \ 0.01) and infusions (F(2,17) = 71.87,

P \ 0.01), but failed to affect the inactive responses

(F(2,17) = 0.65, P = 0.54) (Fig. 4). Multiple comparisons

showed that pretreatment with U0126 at 2 or 4 lg/side

decreased the active responses during propofol self-

administration. In contrast, only 4 lg/side of U0126

reduced the infusions of propofol during self-administra-

tion (P \ 0.05).

Discussion

The chronic administration of addictive drugs such as

cocaine, amphetamine, THC, nicotine, morphine, and

alcohol induces a specific ERK activity pattern in meso-

corticolimbic regions [20–27]. Several studies have indi-

cated that NAc may be an important locus for propofol

self-administration. For example, in vivo infusion showed

that sub-anesthetic and anesthetic doses of propofol

increases extracellular DA levels in the NAc [28]. In the

present study, we found that propofol, as a positive rein-

forcer, maintained the intravenous self-administration, and

increased the expression of p-ERK in the NAc. These

results are consistent with several previous studies showing

increased p-ERK expression in the NAc following cocaine

and ethanol self-administration [16, 20, 29]. Thus, the data

indicated that activation of ERK transduction pathways in

the NAc is involved in propofol self-administration.

A previous study demonstrated that D1, but not D2, DA

receptors in the NAc mediate the maintenance of propofol

self-administration. In the present study, pretreatment with

SCH23390 not only inhibited the propofol self-adminis-

tration, but also decreased the expression of p-ERK in the

NAc in propofol-maintained rats. This scenario is sup-

ported by the report that progressive activation of ERK in

the dorsal striatum and NAc of rats induced by acute

administration of THC is blocked by the D1 receptor

antagonist SCH23390 [30]. In addition, pretreatment with

SCH23390 completely reverses the activation of ERK

pathways induced by acute treatment with cocaine [16]. D1

DA receptors activate the ERK pathway via activation of

the small Ras-related G protein Rap1 [31–33] and calcyon

[34]. These results suggest that activation of the D1 DA

Fig. 2 Training rats for

propofol self-administration.

A Number of active (nose-

pokes) and inactive responses

during training (mean ± SEM;

*P \ 0.05 active versus inactive

responses at the same time

points). B Number of infusions

of propofol (mean ± SEM;

*P \ 0.05 versus beginning of

training).
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receptor and its coupled ERK signal transduction pathway

following DA release induced by propofol may contribute

to the propofol self-administration and rewarding effect.

In the present study, we demonstrated an effect of intra-

NAc injection of the MEK inhibitor U0126 on propofol

self-administration. The results showed that pretreatment

with U0126 attenuated the propofol-maintained self-

administration, consistent with several other studies. For

example, inhibition of ERK activity by intracerebroven-

tricular pre-treatment with either PD98059 or U0126

decreases morphine-induced place preference [14]; ERK

inhibition blocks THC-induced reward properties in the

place-preference paradigm [15]; Amphetamine increases

the levels of ERK, and NAc injections of the ERK inhibitor

PD98059 dose-dependently impair amphetamine-induced

place-preference [35]; and overexpressing ERK2 by virus-

mediated gene transfer increases the preference for envi-

ronments previously paired with low doses of cocaine,

whereas blocking ERK2 activity inhibits this cocaine-in-

duced place conditioning [36]. Therefore, ERK signaling is

critical for the downstream regulation of DA signal trans-

mission in the NAc mediating the propofol self-adminis-

tration and rewarding effects. Given the inhibition of both

active responses and infusions by U0126 or SCH23390 at

the highest dose in the present study, further studies are

warranted to address how MEK inhibitors modify ERK

expression and the functional responses to propofol in

the NAc.

In conclusion, the present results demonstrated that

expression of p-ERK in the NAc increased following

propofol self-administration, and both blockade of D1 DA

Fig. 4 Effects of intra-NAc injection of U0126 on the maintenance

of propofol self-administration. A Histological reconstruction show-

ing injection sites in the NAc. B The numbers of active responses and

infusions decreased after intra-NAc injection of U0126 (mean ±

SEM. *P \ 0.05 versus vehicle).

Fig. 3 Systemic administration of SCH23390 inhibited propofol self-

administration and reduced ERK expression in the NAc. A Numbers

of active and inactive responses, and the number of infusions

(*P \ 0.05 versus vehicle). B Compared to normal controls (C),

p-ERK in the NAc was increased in propofol-maintained rats, while it

was decreased in rats pretreated with SCH23390 (mean ± SEM;

*P \ 0.05 versus controls; #P \ 0.05 versus vehicle).
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receptors and inhibition of the ERK signal pathway atten-

uated the self-administration. The results suggested that the

ERK signal transduction pathways coupled with D1

receptors in the NAc are involved in the maintenance of

propofol self-administration and its rewarding effects.
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Abstract The purpose of this study was to investigate the

blood levels of methadone in participants receiving

methadone for the treatment of opioid dependence. After

stabilization on methadone for four weeks, blood samples

from 95 participants were collected between treatment

weeks 4 and 12, before and after receiving doses of

methadone, and its blood levels were measured. A multiple

linear regression model was used to examine the associa-

tion between methadone blood levels and the outcomes of

methadone maintenance treatment (MMT). Outcome dif-

ferences between participants who had high (C2) or low

(\2) peak-to-trough ratios were also compared using an

independent sample t-test. The blood level of methadone

was not correlated with the clinical outcome of MMT with

the moderate range of doses given. However, the retention

of patients who had a free peak-to-trough ratio [2 was

significantly poorer than those whose ratio was \2. Thus,

monitoring plasma methadone levels is unlikely to be

effective for guiding dosing decisions in situations where

compliance with MMT is already very high or when the

methadone dose is no longer the dominant factor in

determining the clinical outcome. However, monitoring

plasma methadone levels is still helpful for guiding the

dosage for patients with a rapid metabolism.

Keywords Methadone � Plasma level � Treatment

outcome � Metabolism

Introduction

Methadone maintenance treatment (MMT) has been shown

to be effective in preventing the harm associated with

opiate use. Extensive evidence has accumulated showing

that effective strategies are needed to improve its treatment

outcome. Plasma methadone levels may guide practition-

ers’ dosage decisions [1, 2]; however, studies on how to

optimize the methadone dose based on its blood levels have

shown mixed results that need to be verified in different

settings and populations.

MMT patients have shown variable performance in

previous studies, due in part to the complexities of

methadone metabolism. First, due to its high lipid solu-

bility, 98% of the methadone that reaches the central

compartment is rapidly transferred to tissues, only 1%–2%

remaining in the blood compartment. Since 60%–90% of

the methadone in the blood is bound to plasma proteins, the

extent of protein binding is of obvious importance for its

activity. The elimination half-life of methadone could also

be important for the appearance of withdrawal symptoms

[3]. However, the blood level of free methadone and the

rate of its metabolism have received little attention in

clinical practice. Second, methadone metabolism, includ-

ing its plasma level and protein binding, differs in different

populations and in a single person under different
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conditions [4–6]. Polymorphisms in the genes coding

methadone-metabolizing enzymes and transporter proteins

may explain part of the observed variation in the blood

levels of methadone among different populations [7].

China has developed an extensive national network of

MMT clinics that has cumulatively served[384,500 heroin

users. However, the dropout rate during the first 6 months

is still high and the average methadone dose administered

is lower than that recommended in the guidelines (60–100

mg) [8, 9]. Qualitative research has revealed that uncer-

tainty among clinical staff regarding the optimal dosage

strategy causes many to under-dose patients [10]. Since this

strategy is derived from research on Western populations,

obtaining empirical data on methadone metabolism and

blood levels among Chinese patient populations will be

helpful to supplement our understanding of possible vari-

ations in its metabolism among different ethnic groups.

In order to fill the knowledge gaps discussed above as

well as improve the procedures and outcomes of the MMT

program in China, with its huge population in need of more

effective treatment, this study was designed to obtain direct

data on the peak/trough and free/bound blood levels of

methadone, along with urine test results from a group of

heroin-dependent patients on maintenance treatment after

stabilization at four MMT clinics in Shanghai. The aim was

to determine the relationship between methadone blood

levels and clinical outcomes of MMT in order to improve

the personalized dosage strategy and outcomes of the

MMT program in China.

Methods

Design

This study was an open label study, in which part of the

sample data were obtained from the usual care control

group of a randomized controlled trial designed to compare

the effects of Cognitive Behavioral Treatment on MMT

adherence with the usual care control. Participants were

recruited from four MMT clinics in Shanghai, China, and

provided with treatment for 12 weeks. Urine samples for

toxicology testing were obtained at baseline and weekly

thereafter. Blood samples were collected for methadone

blood level tests after 4 weeks of treatment. The study was

approved by the Review Board of Shanghai Mental Health

Centre (SMHC IRB: 2009036) in December 2009.

Participants

Patients were recruited via flyers distributed in MMT

clinics attached to Mental Health Centers in the Pudong,

Hongkou, Xuhui, and Yangpu districts of Shanghai, China,

from December 2009 to June 2010. These Centers are

state-owned institutions providing medical management of

the prevention, clinical intervention, and rehabilitation of

patients with mental health disorders. All participants

provided signed informed consent.

Patients who had received a stable dose of methadone

for at least 4 weeks in the MMT clinics were invited to

participate. They were first-time MMT patients or had not

received methadone for several years. Eligibility criteria

included being between 18 and 65 years old, having

received a Diagnostic and Statistical Manual of Mental

Disorders Version 4 (DSM-IV) diagnosis of heroin

dependence, and not enrolled in any other study program at

the time of recruitment. Patients with serious physical

conditions or major mental disorders were excluded from

participation.

Measures

The characteristics and drug history data of participants

were collected at baseline. All clinic visits were recorded

and urine was tested for opiates weekly during the 12-week

duration of the study. Assessments included: (1) a Chinese

translation of the Addiction Severity Index (ASI) that has

good reliability and validity in China [11, 12] was used to

assess physical and mental health, employment, family

function, drug and alcohol use, and legal information; and

(2) the methadone blood level was measured before and

after methadone administration to capture the free/bound

trough and free/bound peak values.

Procedures

Screening assessments included an interview to collect

demographic and drug-use information and lab tests. The

clinical files of consenting participants were reviewed to

ascertain general health, prescribed medication, urine drug-

test results, diagnosis of opioid and other drug dependence,

age, pregnancy status, clinic attendance, and stability of

residence. Eligible participants were enrolled and provided

with MMT for 12 weeks, with urine drug testing weekly.

The results of the drug tests were discussed with the

patients who were encouraged to use the MMT treatments

regularly and to keep their urine results negative. After

4 weeks of treatment, when the dose was stable, two blood

samples were taken during one clinic visit. One sample was

collected before receiving methadone and this was con-

sidered to be the trough level, and a second was collected

*3 h later and this was considered to be the peak level of

methadone.

The standardized MMT involves daily visits to the

clinic, administration of methadone in the clinic at the

dosage determined by the treating physician (based on the
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client’s condition), regular urine and blood testing, and

monitoring in the community by specialized social

workers.

The protocol recommends that patients initiating treat-

ment be given a first dose of 15–30 mg at least 4 h after last

use of opiates. The physician can re-prescribe methadone

within 3–24 h after the first dose if withdrawal is intoler-

able. After 2 days of this initial stage of treatment, physi-

cians adjust the dose by 5–10 mg to find one suitable for

the patient during the next 3–10 days until the patient is

maintained at that dose. No minimum or maximum dose is

specified, although the protocol suggests 60 mg/day.

The cost of this treatment is 10 Chinese Yuan (1.60 US

Dollars) per visit; none of the health insurance packages

available in Shanghai cover this cost, so the patients had to

pay this fee themselves. Participants could be given a total

of 30 US Dollars for participation in the study; 10 US

Dollars for screening and 20 US Dollars for providing

blood samples for methadone level testing.

Analyses

‘Retention’ was defined as the number of days over the

total observation period (12 weeks) of treatment that the

participant attended the clinic and received methadone.

Compliance (i.e., remaining drug-free) was defined in two

ways: the longest continuous period (in weeks) of negative

urine tests in the 12 weeks of treatment and the total

number of negative urine tests over the 12 weeks. An

intention to treat (ITT) analysis was used, so participants

who dropped out of the MMT or did not appear for the

urine tests were assumed to have positive urine tests.

Statistical analyses were conducted using version 16.0

of SPSS� (SPSS, Inc., Chicago, IL). With adjustment for

the dose on the day of blood sampling, the relationship

between blood level (free/bound and peak/trough levels)

and outcomes (retention and compliance) was analyzed

using a multiple linear regression model. Simple linear

regression analysis was used to assess the association

between daily methadone dose and outcomes. An inde-

pendent sample t-test was used to compare the differences

in outcomes between participants who had high (C2) or

low (\2) peak-to-trough ratios. The significance level for

all statistical tests was set at P \ 0.05 (two-tailed).

Results

Demographics and Clinical Data

A total of 324 heroin-dependent participants newly entered

one of the MMT programs between December 2009 and

June 2010 and were invited to participate. Of 256 who were

interested, 12 were excluded due to serious physical dis-

eases or major mental disorders, and 4 were excluded for

other reasons, leaving 240 enrolled patients. Those who

consented were randomized using simple randomization

tables generated by the SPSS software package (SEED:

210002) for each of the four clinics; 120 were assigned to

the methadone blood level group and 120 to a Cognitive

Behavioral Treatment group (used in another study). A

total of 82 participants provided blood samples between

weeks 4 and 12. Among these, 6 did not receive a dose on

the day of blood sampling. At the end of week 12, 69

participants among the analysis sample of 76 had not

Table 1 Baseline socio-

demographic and drug-use

characteristics.

(n=76)

Socio-demographic characteristics

Gender; male, % (n) 78.9 (60)

Age; years, mean ± SD 40.1 ± 9.2

Ethnic group: Han, % (n) 98.7 (75)

Years of education 9.9 ± 2.0

Employment status in 3 years prior to baseline interview, % (n)

Employed (full-time and part-time) 27.7 (21)

Incarcerated 1.3 (1)

Unemployed 71 (54)

Marital status

Married, % (n) 27.6 (21)

Number of criminal offences 0.3 ± 0.9

Drug use characteristics

Mean lifetime years of heroin use 8.9 ± 4.1

Average daily dose, g 0.8 ± 0.7

Injected drug-use, % (n) 57.9 (44)
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dropped out. The baseline socio-demographic and drug use

characteristics of the analysis sample of 76 is shown in

Table 1. Almost 80% were male;[70% were unemployed

or had spent time in prison in the 3 years prior to the

baseline interview; most (72.4%) had an unstable marital

status; they had, on average, a 9-year history of abuse; and

more than half had injection behavior. There were no

significant differences in socio-demographic and drug use

characteristics between the analysis sample of 76 and the

rest in the larger group of 120 patients (Fig. 1).

Plasma Levels and MMT Outcomes

At the end of 12 weeks of treatment, 69 participants

(90.8%) remained in treatment. Over the 12 weeks the

participants remained in the MMT for 81.6 ± 8.9

(mean ± SD) days, and the mean longest drug-free interval

was 8.0 ± 3.9 weeks. Based on the intention-to-treat

analysis which considered missing urine tests to be posi-

tive, the mean number of negative urine samples during the

12 weeks was 8.7 ± 3.5. The mean daily methadone dose

Fig. 1 Study schema.
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over the entire 12 weeks was 46.8 ± 24.3 mg, which could

be considered to be moderate to low. The mean dose at

blood sampling and the mean methadone blood level are

listed in Table 2.

Correlations and Comparison Between Participants

Who Have High (‡2) or Low (<2) Peak-to-Trough

Ratios

Five of the 7 who dropped out during the 12 weeks were

from the group with a high (C2) peak-to-trough ratio. The

findings from regression prediction of retention and com-

pliance are presented in Table 3. No significant correlation

was found between methadone blood level and treatment

outcome. Neither were there significant correlations

between the average daily methadone dose and retention or

compliance. Table 4 shows the results of comparison of

treatment outcomes between participants with high (C2) or

low (\2) free peak-to-trough ratios. Participants who had a

low free peak-to-trough ratio were more likely to have a

long retention (t = 2.343, P = 0.022); however, they were

not likely to have a longer ‘longest continuous period of

Table 2 Treatment outcomes,

methadone doses, and

methadone blood levels.

(n = 76)

Treatment outcomes

Drop-outs during weeks 4–12, % (n) 9.2 (7)

Retention, days 81.6 ± 8.9

Longest continuous period of negative urine tests, weeks 8.0 ± 3.9

No. of negative urine samples 8.7 ± 3.5

Methadone doses and blood levels

Average dose weeks 4–12, mg 46.8 ± 24.3

Mean dose at blood sampling, mg 50.9 ± 25.3

Total trough, ng/mL 222.0 ± 132.3

Free trough, ng/mL 11.6 ± 7.3

Total peak, ng/mL 356.2 ± 203.7

Free peak, ng/mL 18.8 ± 11.4

Free peak to free trough ratio, % 1.716 ± 0.553

Total peak to total trough ratio, % 1.766 ± 0.636

Table 3 Relationship between methadone plasma blood level and treatment outcome during weeks 4–12 after 4 weeks of stabilization on

methadone maintenance treatment.

Variable

(n = 76)

Retention, parameter

vector, B (95% CI)

Longest continuous period (weeks) of negative

urine tests, parameter vector, B (95% CI)

Total number of negative urine tests,

parameter vector, B (95% CI)

Free peaka -0.022 (-0.128, 0.084) 0.002 (-0.043, 0.048) -0.003 (-0.045, 0.039)

Free trougha 0.301 (-0.049, 0.661) 0.147 (-0.007, 0.301) 0.129 (-0.012, 0.270)

Total peaka -0.017 (-0.112, 0.078) 0.008 (-0.033, 0.049) 0.003 (-0.034, 0.041)

Total trougha -0.040 (-0.134, 0.054) 0.005 (-0.036, 0.046) 0.001 (-0.037, 0.038)

Average dose 0.001 (-0.084, 0.087) 0.033 (-0.003, 0.070) 0.027 (-0.006, 0.060)

No results were significantly different.
a Adjusted by dose on day of blood sampling.

Table 4 Comparison of treatment outcomes between participants with high (C2) or low (\2) free peak-to-trough ratios.

Variable (n = 76) Free peak-to-trough

ratio \2 (n = 56)

Free peak-to-trough

ratio C2 (n = 20)

t value P value

Retention, mean ± SD, days 82.9 ± 6.1 77.7 ± 13.6 2.342 0.022

Longest continuous period of negative urine tests,

weeks

8.0 ± 3.9 7.8 ± 4.2 0.279 0.781

No. of negative urine samples 8.7 ± 3.5 8.5 ± 3.8 0.231 0.818
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negative urine tests’ (t = 0.279, P = 0.781), and were not

likely to have a lower ‘number of negative urine samples’

(t = 0.231, P = 0.808).

Discussion

To our knowledge, this is the first study in which direct

data were obtained on the blood levels of methadone in a

Chinese population. We examined the relationship between

methadone blood level and clinical outcome among heroin-

dependent patients on maintenance treatment after stabi-

lization at MMT clinics in Shanghai, China. Our findings

suggest that methadone blood levels are not significant

predictors to MMT outcome when participants are given

relatively low doses of methadone. Our results also suggest

that participants with a high free peak-to-trough ratio per-

form worse on retention than those who have a low ratio.

We believe the main reasons our study failed to replicate

western studies that have demonstrated a correlation

between methadone blood level and MMT clinical out-

come [2, 13] are the social and political factors which led

to the unexpected high compliance with a low range of

daily doses of methadone (only 7 of 76 participants drop-

ped out, and the mean daily dose was *50 mg). Factors

contributing to the high compliance in this study included

the fact that the effectiveness of anti-drug social workers in

Shanghai has been gradually improving [14] and the dili-

gence of the Shanghai public security system in combating

drug abuse and drug trafficking during the 2010 Shanghai

World Exposition (this study was conducted during the

Exposition). Thus, plasma monitoring is not of much value

when the MMT outcome is strongly affected by environ-

mental factors.

We also found that the retention of participants who had

a free peak-to-trough ratio[2 was significantly poorer than

those whose ratio was \2. Since arrest on the charge of

relapse was the main reason why they dropped out of the

voluntary outpatient MMT program (7 patients were

arrested on this charge), and the overall proportion of

relapses was relatively small (\15%), it is unlikely that the

dropouts led to biased results. Prior evidence has shown

that the rate of decline of the methadone plasma level from

peak to trough is correlated with the severity of withdrawal

[13, 15]. Thus, poor retention among patients who had a

high free peak-to-trough ratio could be explained by the

rapid decline in plasma concentrations to levels below the

effective concentration, which also could translate into

dropout due to withdrawal toward the end of the dosing

interval. Evidence has shown that the trough blood level of

methadone can be used to decide whether the dose is

adequate and effective since it is correlated with with-

drawal symptoms [16, 17]. However, use of the trough

blood level as a guide to dosing for patients with a rapid

decline in plasma concentration is not likely to be helpful.

For those cases who have rapid metabolism, to split the

daily dose according to the peak-to-trough ratio, rather than

increasing the dose according to trough blood concentra-

tion, would be a more suitable strategy [13].

Limitations and Implications

The study findings should be considered within the context of

the limitations. First, due to lack of withdrawal data, we were

not able to check whether the daily dose was adequate from a

clinical perspective. Second, all participants were recruited

from the MMT programs in Shanghai, so it might not be

possible to generalize our results to heroin-dependent

patients who have enrolled in MMT in other areas of China.

The most important message from the study is that

monitoring plasma methadone levels is unlikely to be

effective for guiding dosing decisions in situations where

compliance with MMT is already very high or when the

methadone dose is no longer the dominant factor in deter-

mining the clinical outcome. Optimizing the methadone

dose should not be based on blood levels alone, but plasma

monitoring should still be involved in this complex deci-

sion-making strategy due to its advantage in identifying and

guiding the dosage for patients with a rapid metabolism.
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Hämmig R, et al. Methadone enantiomer plasma levels, CYP2B6,

CYP2C19, and CYP2C9 genotypes, and response to treatment.

Clin Pharmacol Ther 2005, 78(6): 593–604.

16. Chitasombat P, Willenbring ML, Maddux T, Severeide N. Reli-

ability of methadone plasma levels in methadone maintenance.

Am J Addict 1995, 4(4): 351–355.

17. Drozdick J, Berghella V, Hill M, Kaltenbach K. Methadone

trough levels in pregnancy. Am J Obstet Gynecol 2002, 187(5):

1184–1188.

544 Neurosci. Bull. December, 2016, 32(6):538–544

123



LETTER TO THE EDITOR

The Association Between Epoxide Hydrolase Genetic Variant
and Effectiveness of Nicotine Replacement Therapy in a Han
Chinese Population

Fan Wang1
• Yanlong Liu2

• Song Guo3,4
• Dafang Chen5

• Hongqiang Sun6,7

Received: 12 May 2016 / Accepted: 14 June 2016 / Published online: 25 October 2016

� Shanghai Institutes for Biological Sciences, CAS and Springer Science+Business Media Singapore 2016

Dear Editor,

Nicotine is a psychoactive alkaloid that is thought to play a

key role in addiction to commercial tobacco products [1]

and cotinine is its primary metabolite [2]. Pharmacological

treatment, such as nicotine replacement therapy (NRT), is a

valid solution to this problem. Tobacco smoke contains

many carcinogens such as nitrosamines [i.e., nicotine-

derived nitrosamine ketone (NNK) and N-nitrosonorni-

cotine (NNN)], and nicotine undergoes chemical conver-

sion into NNK and NNN during the processes of curing and

smoking [3]. Microsomal epoxide hydrolase (EPHX) is

responsible for the metabolism of polycyclic aromatic

hydrocarbons and the detoxification of pro-carcinogens in

the process of smoking [4]. Therefore, in this study we

aimed to investigate whether the genetic polymorphisms of

EPHX, rs1051740 and rs2234922, are associated with the

metabolic processing of cotinine in nicotine abstinence and

craving.

Two hundred and eleven eligible participants took part

in this study, and were randomly divided into active or

placebo treatment groups in a double-blind manner (see

Supplementary Materials). There were no significant

demographic differences between the sublingual nicotine

tablet and placebo groups except for age (Table S1). The

distributions of the genotypes of the two loci did not sig-

nificantly differ between the two groups. The genotypes of

the participants deviated from Hardy–Weinberg equilib-

rium for both polymorphisms (P \ 0.01 for rs1051740 and

P = 0.01 for rs2234922).

One-way ANOVA was used between the genotypes with

the 2 loci, and age was a covariate (rs1051740 P \ 0.05

and rs2234922 P [ 0.05) (Table S2). There was an inter-

action between age and genotype (F = 3.90, df = 2,

P = 0.02) for rs1051740. The interaction of time, grouping

(placebo/NRT), and genotype was significantly associated

with the difference between the urinary cotinine concen-

tration at the end of the 2nd month and baseline (F = 5.20,

P = 0.01); the TT genotype was significantly associated

with the interaction of time and grouping (F = 14.12,

P \ 0.01) for rs1051740. In rs1051740, the interaction of

time, grouping, and genotype was significantly associated

with the difference between the urinary cotinine concen-

tration at the end of the 3rd month and baseline (F = 4.33,

P = 0.01); and the TT genotype was significantly associ-

ated with the interaction of time and grouping (F = 28.23,
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P \ 0.001). These results showed that the urinary cotinine

concentration had decreased in the NRT group. For

rs2234922, the interaction of time and grouping (placebo/

nicotine) was significantly associated with the difference

between the urinary cotinine concentration at the end of the

3rd month and baseline (F = 4.13, P = 0.04) (Table S3).

In the two-locus (rs1051740 9 rs2234922) model using

the generalized multifactor dimensionality reduction

(GMDR) method, a significant difference in urinary coti-

nine concentration was found between baseline and the end

of 2nd month in the active treatment group (P = 0.01),

suggesting that the T allele of rs1051740 and the A allele of

rs2234922 are potential factors that influence smoking

abstinence.

The level of inhaled nicotine quickly rises in the blood

and is rapidly distributed among all organs, crossing the

blood-brain barrier and reaching the brain within 10 s [5].

Nicotine is only metabolized to a small extent in the lung

and kidney. The major metabolites are cotinine (70%) and

nicotine-N-oxide (4%). Cotinine is further metabolized,

while *17% is excreted unchanged in the urine. NRT is

becoming more frequently used as an adjunct to smoking

cessation. Assays of minor tobacco alkaloids, such as

anabasine or anatabine, which are present in tobacco but

not in pharmaceutical preparations of nicotine, may be of

use in the future in determining the smoking status of NRT

users.

A previous study has suggested that putative genotypes

might influence EPHX1 activity, including the intermediate

activity combination of rs1051740 9 rs2234922

(CC 9 GG, TT 9 AA, and CT 9 AG) [6]. The TT

genotype of rs1051740 was significantly associated with

the interaction of time and grouping with cotinine levels

between the end of the 2nd month and baseline, and the end

of the 3rd month and baseline. The results suggested that

urinary cotinine concentration had decreased at the end of

the 2nd and 3rd months in the NRT group, which might be

influenced by the allele T of rs1051740. However, the other

genotypes, CC and CT, did not show an apparent effect of

NRT. On the basis of the previous study, T is the high-

activity EPHX1 allele in rs1051740 [7], meaning that more

nicotine might be converted to nitrosamines and less to

cotinine, which could contribute to the decreased urinary

cotinine concentration at the end of the 2nd and 3rd

months. Using the GMDR method, the best high-risk

SNP 9 SNP model identified was a two-locus genotype

combination in this study. The genotype interaction

between rs1051740 TT and rs2234922 AA showed that

intermediate EPHX1 activity might be easy to modulate, in

accordance with the previous study [6].

Several limitations need to be considered. First, the

sample size was relatively small, resulting in the genotypes

deviating from Hardy-Weinberg equilibrium at both loci.

Second, individuals have different responses to NRT, some

have a good response, while others may have no response

[8]. Study of subgroups of smokers based on the genetic

variation would provide further information. Third, the

calculated interaction model is hard to explain. A previous

study has reported that this might result from biological

interactions between the variants or their products [9].

From the present study, we conclude that these two

SNPs might play roles in the process of nicotine metabo-

lism and abstinence, rs1051740 being more important; and

EPHX SNPs (rs1051740 and rs2234922) are associated

with the effectiveness of NRT. Clinical practice for NRT

might be effective and precise for the specific genotypes

carriers of EPHX.
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Dear editor,

P-glycoprotein (P-gp, also known as ATP-binding cassette

transport sub-family B member 1, ABCB1) is a potent

ATP-dependent efflux pump for a wide variety of drugs.

Although studies of its substrates are abundant [1, 2], and

ABCB1 is a well-conserved gene, there is increasing evi-

dence that its polymorphisms affect substrate specificity

[3]. A previous study reported that the synonymous single

nucleotide polymorphism (SNP) C3435T (rs1045642)

affects the timing of co-translational folding and insertion

of P-gp into the membrane, and alters the structure of the

substrate and inhibitor interaction sites [4]. Some studies

have also reported an association between ABCB1 geno-

types and antipsychotics [5, 6]. Bozina et al. [5] found that

the T allele and TT genotype of G2677T (rs2032582) are

associated with a better treatment response to olanzapine in

female schizophrenic patients. Qinghe Xing et al. [6]

reported that the TT genotype of locus rs1128503 in the

ABCB1 gene is associated with a better response to

risperidone treatment. Most such studies have focused on

the effects of the genotypes, and loci are limited to the

commonly-studied rs2235048, rs1045642, and rs2032582,

and the results are not consistent. Risperidone is one of the

atypical antipsychotics, its main metabolic product is

9-hydroxyriperidone (9-OH-risperidone or paliperidone),

and they are both substrates of P-gp [2, 7].

In order to investigate the relationships of ABCB1 gene

polymorphisms (genotype, haplotype, and risk alleles) and

the clinical efficacy of risperidone and paliperidone in the

treatment of schizophrenia, we recruited 201 Han Chinese

schizophrenic patients treated with risperidone or

paliperidone from Jan/2008 to Jan/2009. Among them, 133

were randomized to take paliperidone palmitate (50–150

mg/4 weeks) or risperidone long-acting injection (risperi-

done LAI, 25–50 mg/2 weeks) for 12 weeks. The efficacy

and safety were assessed every two weeks. In the other 68

inpatients or outpatients who were treated with risperidone

tablets (2–6 mg/day) for 4 weeks, the efficacy and security

were assessed every week. The main effect assessment

used the final and baseline Positive and Negative Syn-

drome Scale (PANSS) total score reduced rate (PANSS

reduced rate = (baseline score - final score) / (baseline

score) 9100%). Five milliliters of venous blood was taken

at the baseline visit, centrifuged, and stored at -70�C.

Based on previous studies, we chose the commonly-studied
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loci rs2235048, rs1045642, and rs2032582, while adding

another two loci, rs1128503 and rs12535512. The geno-

types were determined by polymerase chain reaction-

restriction fragment length polymorphism (PCR-RFLP) or

direct sequencing (Table S1). The biomedical statistical

software SPSS16.0 (SPSS Inc., Chicago, IL) was used for

analysis. The prediction of haplotypes was completed using

the online software ‘Haplotype resolution using imperfect

phylogeny’ (http://research.calit2.net/hap/) [8]. The proto-

col was approved by the Ethics Committee of the Peking

University Institute of Mental Health, and written informed

consent was given by all participants.

We found that all SNPs were in Hardy-Weinberg equi-

librium and the pairwise linkage disequilibrium of the 5

SNPs was calculated (Table S2). The demography and

clinical data of the patients are listed in Table S3. Logistic

analysis showed that gender, years from onset, age, dosage,

and dosage form had no impact on the PANSS reduced rate

(none were entered into the equation). ANOVA did not

reveal significant associations between each genotype and

the PANSS reduced rate (Table S4), but t-tests of alleles

and PANSS reduced rate revealed that carriers of the C

allele (CT?CC) of rs2235048 had a lower PANSS reduced

rate (Table 1), and TT genotype carriers had better clinical

efficacy (P\0.05, 95% CI: -0.139, -0.006). There were

no significant associations between the remaining loci and

PANSS reduced rate. In the analysis of association of

haplotypes and PANSS reduced rate, we found that the

haplotype T-C (rs2235048-rs1045642) was significantly

associated with a higher PANSS reduced rate (P \ 0.05,

95% CI: 0.0007, 0.133; Table 1), so T-C carriers might

have better clinical efficacy.

We also found that ABCB1 gene polymorphisms influ-

enced the extrapyramidal symptom (EPS) incidence rate

and the increased prolactin level. C allele carriers of

rs1128503 had a higher total EPS incidence rate than TT

carriers (P \ 0.05). GT/GA carriers of rs2032582 had a

higher total EPS incidence rate than the other genotype

carriers (AA/GG/AT/TT, P \ 0.05, n = 201). EPS symp-

toms can be divided into dysmyotonia, dyskinesia (move-

ment disorder), and tremor. GG genotype carriers of

rs2032582 had a lower dyskinesia incidence rate than the

other genotypes (P \ 0.05). The tremor incidence rate was

higher in C-G-C haplotype carriers (rs1045642–rs2032582–

rs1128503) than in non-carriers (P \ 0.05, n = 201;

Tables S5–S7). The mean blood prolactin increase was

(284.22 ± 1076.19) lIU/L (mean ± SD) (the normal upper

limit of prolactin in this study was 424 lIU/L in males and

530 lIU/L in females), but gender and drug dosage form did

not influence the degree of prolactin increase. C allele

(CT?CC) carriers of rs2235048 were associated with a

lower degree of prolactin increase (P \ 0.01). T-A-T hap-

lotype (rs1045642–rs2032582–rs1128503) carriers had a

lower prolactin level (P \ 0.05, n = 201; Table S8).

The SNP rs2235048 is reported for the first time in our

study. SNP is located on the 27th intron of the 3’-end of the

gene, and although it is a synonymous SNP, it may influ-

ence the structure of P-gp as has been reported [4]. This

study also provides cues about the haplotype effects on

P-gp function; different SNPs may have combined effects

that differ from the effect of each SNP, but our results are

not consistent with previous studies [4, 9]. In conclusion,

our study indicates a probable association between ABCB1

gene polymorphisms and clinical efficacy/safety in Han

Table 1 Alleles and haplotype analysis for the association between ABCB1 and PANSS reduced rate (mean ± SD).

Loci/haplotypes rs2235048 rs1045642 rs2032582 rs1128503 rs12535512 T-T-A-T-C

(rs2235048-

rs1045642-

rs2032582-

rs1128503-

rs12535512)

T-A-T

(rs1045642-

rs2032582-

rs1128503)

T-C

(rs2235048-

rs1045642)

Alleles or

haplotype (n)

CC/CT(114)* CC(59) AA/TT/AT/

AG/GT(138)

CC/CT(97) CC/CT(130) T-T-A-T-C carrier

(55)**

T-A-T carrier (97) T-C carrier (58)

0.29 ± 0.21 0.35 ± 0.22 0.31 ± 0.20 0.31 ± 0.19 0.33 ± 0.21 0.31 ± 0.19 0.30 ± 0.21 0.36 ± 0.20

Percentage PANSS

reduction

(mean ± SD)

TT(57)

0.36 ± 0.19

CT/TT(112)

0.29 ± 0.20

GG(34)

0.31 ± 0.24

TT(73)

0.32 ± 0.24

TT(43)

0.28 ± 0.22

T-T-A-T-C

non-carrier (118)

0.32 ± 0.22

T-A-T

non-carrier (76)

0.34 ± 0.21

T-C non-carrier

(115)

0.29 ± 0.21

T 4.647 1.756 0.002 -0.276 1.467 -0.328 -1.221 1.993

P 0.033 0.081 0.998 0.783 0.144 0.744 0.224 0.048

95% CI -0.139, -0.006 -0.007, 0.125 -0.080, 0.080 -0.074, 0.056 -0.019, 0.126 -0.079, 0.056 -0.102, 0.024 0.0007, 0.133

*Number in brackets stands for the number in the special allele group.

**Number in brackets stands for the number in the special haplotype group.
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Chinese schizophrenic patients treated with risperidone or

paliperidone.
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Abstract Tobacco consumption is one of the leading

causes of preventable death worldwide. However, it is

difficult to give up smoking by relying on the help of tra-

ditional treatments only. Recent years have witnessed

emerging positive evidence that non-invasive brain stimu-

lation (NIBS), such as transcranial magnetic stimulation

and transcranial direct-current stimulation, can reduce

smoking-related behaviors. Although their potential has

been implied by advances in research, several method-

ological issues restrict the clinical application of NIBS to

treating nicotine dependence. In this review, we critically

evaluate related studies and give suggestions for future

research and applications to meet these challenges.

Keywords TMS � tDCS � NIBS � Nicotine � Addiction

Introduction

The worldwide leading causes of death, lung cancer and

chronic obstructive pulmonary disease, are associated with

cigarette smoking [1]. Besides physical health problems,

chronic smoking causes functional and structural abnor-

malities in the brain [2–5]. However, most chronic smok-

ers, including those who are willing to quit, find it difficult

to become free of tobacco usage even with the help of

intervention methods such as pharmacotherapy [6]. Tran-

scranial magnetic stimulation (TMS) and transcranial

direct-current stimulation (tDCS) are methods of

non-invasive brain stimulation (NIBS). With the advantage

of being able to modulate brain activation non-invasively,

these techniques are showing potential as therapy for

nicotine addiction [7]. In this article, we systematically

review related studies and discuss the potential and chal-

lenges of NIBS in treating nicotine addiction.

Potential of NIBS

A Brief Introduction to NIBS

NIBS can selectively excite or inhibit a target brain region

by initiating tiny electrical current over the cortex [8]. The

two most widely used techniques of NIBS are tDCS and

TMS (Fig. 1). tDCS modulates brain activity by weak

direct-current stimulation through the intact skull in a safe,

efficient, and painless way [9, 10]. It is believed to

hyperpolarize (cathodal stimulation) or depolarize (anodal

stimulation) neuronal membranes [11], with the assump-

tion of anodal-excitatory and cathodal-inhibitory effects on

brain functions [12]. However, this assumption has not held

true for all studies [13].

TMS evokes microelectronic current stimulation via a

rapidly-alternating magnetic field to temporarily excite or

inhibit the activity in a target brain region [14]. Unlike

tDCS, it is not only neuromodulatory but also neurostim-

ulatory. The current it induces can depolarize neurons.
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Repetitive TMS (rTMS) is a widely-used protocol, which

stimulates a scalp location at a frequency ranging from 1 to

20 Hz or more [15]. In general, rTMS induces inhibition

with stimulation at *1 Hz, and excitation at C5 Hz [16].

Rationale for Using NIBS to Treat Nicotine

Addiction

Nicotine, like other drugs of abuse, is associated with

abnormal function in the mesolimbic dopamine system and

reward-related brain areas, such as the ventral tegmental

area, prefrontal cortex, nucleus accumbens, amygdala, and

hippocampus [17]. The dorsolateral prefrontal cortex

(dlPFC) is widely acknowledged to be an effective stimu-

lation target, as it has been associated with cue-provoked

smoking craving [18], which is the primary trigger of relapse

[19]. Malfunction of the dlPFC in substance addiction,

including nicotine, has been shown to be the mechanism

underlying the impaired response inhibition and salience

attribution in addicts [20, 21]. Specifically, nicotine may

influence the dlPFC in smokers by blocking the a7 nicotinic

acetylcholine receptors in glutamate network synapses,

which remarkably changes the persistent firing of dlPFC

neurons [22]. Thus, modulating the dlPFC by NIBS may

result in the release of neurotransmitters such as dopamine

and c-aminobutyric acid in cortical and subcortical regions

which may in turn help smokers to get rid of the smoking

habit. The potential of NIBS in treating nicotine addiction

has recently received some preliminary empirical support.

Evidence Supporting tDCS as a Treatment

The pioneering research on the effect of tDCS on nicotine

addicts was performed by Fregni and colleagues [23]. In a

randomized, double-blind, sham-controlled crossover

study, they demonstrated for the first time that applying

weak currents over the dlPFC reduces smoking craving

[23]. The cumulative effects of tDCS on smoking craving

and consumption have been validated [24]. In another

study, Fecteau et al. attempted to modulate the decision-

making behavior of smokers via stimulation over the same

cortical region. They showed not only a four-day decrease

in the number of cigarettes consumed after anodal stimu-

lation but also more rejections of cigarettes but not mone-

tary offers in an Ultimatum Game [25]. Besides the dlPFC,

the fronto-parieto-temporal association area has also been

proposed as an accessible stimulation site for modulating

smoking-related behaviors [26]. The above studies suggest

that tDCS has potential in smoking cessation.

Only one study has reported contradictory findings. Xu

et al. investigated the tDCS effects on a group of dependent

smokers who abstained from smoking overnight on two

different occasions [27]. The outcome was that self-re-

ported craving did not show any reduction after 20 min of

anodal stimulation of the left dlPFC, though the partici-

pants had less negative affect [27]. As this study differed

from previous work with regard to the level of abstinence,

the findings may indicate the importance of a smoker’s

state as a modulator of tDCS effects.

Fig. 1 Non-invasive brain

stimulation. A Transcranial

magnetic stimulation (TMS).

B Transcranial direct-current

stimulation (tDCS).

C Mechanism underlying TMS.

D Mechanism underlying tDCS
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One interesting finding is that tDCS effects on smoking-

related behavior may be insensitive to the direction of

current flow. Two studies [23, 24] used an electrode pro-

tocol with the anode on the left dlPFC and the cathode on

the right dlPFC. In contrast, using the reversed placement

of electrodes, a study [25] also reported positive tDCS

effects on smoking-related behaviors.

Evidence Supporting TMS as a Treatment

Eichhammer and colleagues conducted high-frequency

rTMS over the dlPFC in smokers [28]. The results showed

that the smoking rate in the active stimulation group was

significantly lower than that in the sham group. Although

no difference in craving was found, the results illustrated

an advantage of TMS in smoking cessation [28]. Mean-

while, Johann et al. demonstrated that rTMS can also

reduce cigarette craving [29]; this effect was replicated in a

subsequent study using a more rigorous experimental

design and a larger group of participants [30]. This study

demonstrated that rTMS over the dlPFC reduces both

cigarette consumption and craving, though the effects were

not robust and seemed to dissipate over time [30]. Fur-

thermore, rTMS may serve as an additional aid in cogni-

tive-behavioral therapy for intermediate nicotine

abstinence [31].

Only one study has directly compared high- and low-

frequency rTMS. Rose et al. revealed that 10-Hz rTMS

over the superior frontal gyrus can elevate craving in the

presence of smoking cues, while it lowers the appetite for

cigarettes in the presence of neutral cues compared with

1-Hz rTMS [32].

The Challenges of NIBS

Although positive discoveries have been made in this field

[8, 33], apparent deficiencies exist [34].

Heterogeneity in the Stimulation Protocol

Both TMS and tDCS have a large set of parameters, and

their selection varies among studies. In rTMS, the param-

eters include stimulation site, intensity, frequency, length

of trains of pulses, and the time interval between trains. In

tDCS, the parameters include stimulation site, current

intensity, duration, electrode shape and size, and the

polarity of stimulation (anodal or cathodal). In this young

field, although some general principles [35, 36] (mainly

safety concerns) have been well-accepted, standard proto-

cols have not yet been developed [37].

Neural Mechanism of NIBS

Although advances have been made, investigations on the

particular neuronal mechanisms underlying the NIBS

effects on smoking-related behaviors are still lacking. One

hypothesis is that the interaction between the dlPFC and

the midbrain dopamine system might be a useful target of

tDCS and TMS [38]. However, this hypothesis has not yet

been tested directly. One of the rare examples is a study by

Pripfl and colleagues, who used a combination of TMS and

EEG to clarify the mechanisms underlying the TMS-

evoked reduction in smoking craving [39]. They conducted

high-frequency repetitive TMS over the dlPFC in two

groups of smokers, one of which received sham stimuli.

The self-reported craving level and delta power in the

resting-state EEG, an indicator of the activity in the

dopaminergic brain reward system, were recorded.

Although TMS effects on both craving and delta power

were found, the two measurements did not correlate with

each other [39]. A recent fMRI study revealed that the

frontal-striatal pathway can be modified by tDCS over the

dlPFC in the Balloon Analog Risk Task [40]. However, no

behavioral change in that task was found under stimulation;

besides, as the experiment was conducted on healthy par-

ticipants, whether the tDCS effects on the frontal-striatal

pathway are associated with reductions in smoking

behaviors remains unclear. Although a recent study used a

sample of smokers, only the tDCS effects on task-based

activations were reported, without evaluating the tDCS

effect on functional connectivity [41].

An alternative pathway affected by NIBS is the link

between the dlPFC and the hippocampus. The cognitive

theory of craving proposes that it reflects the automatic

retrieval of related experience, which bias cognitive pro-

cessing toward smoking-related experience [42]. The

neurobiological theory also states that addiction is pri-

marily a malfunction of the hippocampus [43], ‘‘the relapse

circuits in the brain’’ [44]. However, whether NIBS can

modulate the dlPFC-hippocampus pathway has not been

directly tested.

Individual Differences

Recent work has revealed that NIBS effects are vulnerable

to individual factors [45, 46]. For instance, one study

showed that only people with low performance in working

memory benefit from tDCS [47]; also, individual resting-

state functional connectivity before stimulation predicts the

effect of tDCS on tinnitus [48]. Many factors have to be

taken into consideration in tDCS studies, including devel-

opmental stage, hormonal levels, plasticity and stability,

and even circadian rhythms [45]. These variables might

also be confounding factors in TMS studies.
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One variable that may be important in NIBS studies of

smoking behaviors is the individual’s expectation of

smoking during the treatment. Expectancy of smoking is

known to be a modulator of cue-reactivity in fMRI studies.

For example, McBride et al. discovered that expectancy of

and abstinence from cigarettes are possible modulators of

the neuronal responses of smokers to a related cue [49]. In

people expecting to smoke immediately after the scan,

smoking cues activated brain areas implicated in arousal,

attention, and cognitive control. These cue-induced activ-

ities did not occur in those who were not allowed to smoke

for 4 h. Also, trends but not significant differences in cue-

related neuronal responses were found between participants

with distinct abstinence states. Another noteworthy finding

is that applying tDCS to smokers with 12-h abstinence only

reduces the negative affect rather than the craving.

Other specific factors that should be noted are the

severity of nicotine dependence [50], withdrawal symp-

toms [34], and gender [51]. These individual factors were

not explicitly controlled in the published NIBS studies on

smoking behaviors, which questions the generalization of

these findings to the clinical context.

Cultural Differences

Cultural difference is another possible variable given that

the neuronal substrate underlying smoking behavior may

also differ between cultures or ethnicities. Okuyemi eval-

uated the differences in attention to smoking cues between

African-Americans and Caucasians using fMRI [52]. The

results showed a strong ethnic effect in several a priori

regions of interest. African-Americans responded more in

several brain regions than Caucasians both in the contrast

between smoking cues and neutral cues and between

smokers and non-smokers [52].

One important difference is that between Western and

Eastern cultures [53]. No study, to our knowledge, has used

task-based fMRI to investigate the differences between

western and eastern smokers. However, preliminary evi-

dence for cultural disparities in the morphometry of the

brain has been reported [54]. Chinese chronic smokers

have a smaller gray matter volume in the cerebellum on

both sides of the brain [55], while western smokers only

have decreased volume in the right cerebellum [18].

Another study on Chinese chronic smokers found a reduced

gray matter volume in the left thalamus [56], while a study

on western smokers found a decrement in the right thala-

mus [57]. These findings suggest a western-eastern differ-

ence in the lateralization pattern.

Despite the evidence outlined above, the factor of cul-

ture has not received further attention with regard to the

effects of NIBS on smoking behavior. We performed a

simple search on the Web of Science with the following

strategy: Topic: ‘‘transcranial direct current stimulation’’ or

‘‘TMS’’; Address: ‘‘China’’, ‘‘Germany’’, or ‘‘USA’’;

Research domains: ‘‘science technology’’; Research areas:

‘‘neuroscience neurology’’ or ‘‘psychology’’. The results

revealed that, so far, only 33 tDCS studies and 334 TMS

studies have been done in mainland China, while in the

USA there have been[600 tDCS studies and thousands of

TMS studies. The statistics may not be accurate, as we did

not manually check each publication. However, the general

pattern reflects a situation that is worthy of note by

researchers in China. Among these studies, only few have

aimed at investigating the therapeutic effect of these

techniques on nicotine addiction. Only one study on the

effects of NIBS on smoking-related behaviors has been

published by researchers in China [26]. That study used a

unique protocol that directly compared the findings in

Asian smokers with those in western smokers. As general

functional differences between Westerners and East Asians

have been reported [53], the problem of simple general-

ization of western findings to an Asian context is evident.

Perspectives

Combining Behavioral and Neuroimaging Measures

Most of the previous studies on the NIBS effects rely on

the measurement of self-reported craving given that this is

believed to be the primary motivation for relapse [58].

However, the existence of an association between subjec-

tive craving and relapse has been contested [59]. It is

inappropriate to rely too much on craving reports. Alter-

native approaches, such as EEG and fMRI, can be

considered.

Combining behavioral and neuroimaging measurements

can also clarify the neuronal mechanisms underlying the

NIBS effects. Future studies may directly investigate the

roles of two important pathways in the NIBS effects: the

dlPFC-striatal pathway and the dlPFC-hippocampal

pathway.

Optimizing NIBS Protocols Using Brain

Connectomics

The functions of the human brain are characterized by both

local specialization and global integration. The field of

connectomics is contributing new knowledge and tools to

reveal the functional organization of the human brain

[60, 61]. The state-of-the-art progress of connectomics may

serve as a tool for optimizing the protocols of TMS and

tDCS [62, 63]. On the one hand, the choice and validation

of stimulation targets may be guided by connectomics. On

the other hand, brain network analysis could be used in
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future studies on the mechanisms of the TMS and tDCS

effects on nicotine addiction to reveal the underlying

neuronal mechanism from the network point of view,

which may improve the understanding of NIBS and pro-

mote its clinical application.

Individualized NIBS Protocols

Individualized NIBS protocols are the right direction, given

that NIBS effects are modulated by many individual fac-

tors. To achieve this goal, a ‘‘localizer’’ fMRI scan might

be an ideal solution to guide the selection of the target

brain region for each participant. Such an approach has

empirical support. For instance, Sack et al. have verified

that individual fMRI-guided TMS neuro-navigation yields

a greater effect size than the MRI-guided neuro-navigation

coordinates of group results and the 10–20 EEG location

[64]. Clark et al. demonstrated that tDCS guided by fMRI

significantly improves the ability to learn to identify con-

cealed objects [65], which is a good example of using an

individualized protocol to help people to attain expertise.

We suggest that the validation of individualized NIBS

treatment protocols may be a valuable research direction.

For studies using the group-based protocol, we suggest that

individual factors, such as expectancy and abstinence level,

must be well-controlled or set as covariates.

Multi-Center and Cross-Cultural Studies

Culture-led neuronal differences may be variables for

NIBS effects on smokers, as cultural differences seem to

play a role in brain activity among smokers. No conclu-

sions can be drawn since, so far, this has neither been tested

directly nor can the results from western countries be

compared with those from the east due to the small num-

bers and incomparable experimental designs. Therefore, to

make this question clear, we recommend a direct check of

the cross-cultural NIBS effects on smokers as well as more

studies from East Asian countries with designs comparable

to those from the west.

Conclusions

We have discussed the potential and challenges of using

NIBS in treating nicotine addiction. Although its potential

has been suggested by recent studies, several method-

ological issues restrict the clinical application of NIBS. We

give several suggestions to meet these challenges. First, the

neural mechanisms underlying NIBS may be directly tested

with specific hypotheses. Second, knowledge from brain

connectomics may be used to guide NIBS protocols. Third,

validation of individualized NIBS protocols may be a

direction for future research. Finally, cross-cultural studies

on NIBS effects in Asian and Western smokers are needed.
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Abstract Major depression is a serious psychiatric disorder

and remains a leading cause of disability worldwide. Con-

ventional antidepressants take at least several weeks to

achieve a therapeutic response and this lag period has hin-

dered their ability to attain beneficial effects in depressed

individuals at high risk of suicide. The non-competitive N-

methyl-D-aspartate glutamate receptor antagonist ketamine

has been shown to have rapid antidepressant effects in both

rodents and humans. The emergence of ketamine as a fast-

acting antidepressant provides promising new insights into

the development of a rapid treatment response in patients

with clinical depression. However, its safety and toxicity

remain a concern. In this review, we focus on the limitations

of ketamine, including neurotoxicity, cognitive dysfunction,

adverse events associated with mental status, psy-

chotomimetic effects, cardiovascular events, and uropathic

effects. Studies have shown that its safety and tolerability

profiles are generally good at low doses and with short-term

treatment in depressed patients. The adverse events associ-

ated with ketamine usually occur with very high doses that

are administered for prolonged periods of time and can be

relieved by cessation. The antidepressant actions of its two

enantiomers, S-ketamine (esketamine) and R-ketamine, are

also discussed. R-ketamine has greater antidepressant

actions than S-ketamine, without ketamine-related side-

effects. Future treatment strategies should consider using R-

ketamine for the treatment of depressed patients to decrease

the risk of adverse events associated with long-term keta-

mine use.

Keywords Antidepressant � Ketamine � Fast-acting �
Depression � Safety

Introduction

Major depression is a serious psychiatric disorder and

remains a leading cause of disability worldwide [1]. The

conventional treatments over the past 50 years have targeted

monoamine neurotransmitters, including selective serotonin

reuptake inhibitors and serotonin-norepinephrine reuptake

inhibitors. These antidepressants usually require at least

several weeks to achieve significant therapeutic responses

and this lag period has hindered their ability to attain ben-

eficial effects in individuals with major depression who are

at high risk of suicide. Therefore, it is critical to develop

better antidepressants that have a rapid onset of efficacy,

particularly for treatment-resistant patients who are at high

risk of suicide. Ketamine is a noncompetitive N-methyl-

D-aspartate glutamate receptor (NMDAR) antagonist that has

antidepressant effects in many animal models of depression,

such as the learned helplessness paradigm, forced swim test,

passive avoidance test, and chronic unpredictable stress

procedure [2–5]. Increasing clinical evidence shows that a

single intravenous infusion of low-dose ketamine (0.5 mg/

kg) has rapid antidepressant effects within 2 h and continues

to remain effective for at least 1 week [6, 7]. Specifically,

ketamine has been shown to have rapid antidepressant

effects in patients with treatment-resistant depression
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following single or repeated intravenous infusions in two-

site randomized controlled trials [6, 8, 9]. Depressed patients

frequently present hopelessness, which is widely recognized

as a major risk factor for suicidal behavior and influences

their health and social functioning [10]. Several studies have

shown that repeated doses of ketamine rapidly and persis-

tently decrease suicidal ideation in patients with treatment-

resistant depression who have suicidal thoughts [11, 12].

The emergence of ketamine as a fast-acting antidepres-

sant provides promising new insights into the development

of a rapid reversal response in patients with clinical

depression. Significant clinical improvements in the symp-

toms of depression have been observed after ketamine

administration, but its safety and toxicity remain a concern.

However, the off-label use of ketamine as an antidepressant

continues to be debated, and further research is needed to

mitigate its potential harm [13]. In the present review, we

summarize the limitations of ketamine that can influence its

rapid antidepressant properties. A better understanding of its

negative aspects may improve clinical outcomes, decrease

adverse effects, and facilitate the discovery of novel fast-

acting antidepressants with fewer side-effects and greater

efficacy. Ketamine-induced adverse effects, such as neuro-

toxicity, cognitive dysfunction, adverse events associated

with mental status, psychotomimetic effects, cardiovascular

events, and uropathic effects, usually occur with high doses

or prolonged treatment, which should be considered when

developing ketamine as a rapid-acting antidepressant.

Neurotoxic Effects of Ketamine

A preclinical study using 7-day-old mice showed that a

single dose of ketamine (5–40 mg/kg, subcutaneous)

induced dose-dependent and permanent neuronal apoptosis

in the sensorimotor cortex and cerebellum, suggesting that

the use of ketamine in depressed pregnant women may

promote an apoptotic process in the fetus and thus decrease

the functional capacity of the brain [14]. In addition, in

7-day-old rat pups, seven repeated intraperitoneal doses of

20 mg/kg ketamine induced neurotoxicity, as reflected by

significant increases in the number of degenerating neurons

[15]. Early-life exposure to ketamine is toxic to the

developing brain. One study found that maternal adminis-

tration of ketamine during pregnancy caused widespread

apoptosis in the fetal brain, neuronal loss, and disturbances

in the maturation of pyramidal neurons in offspring [16]. In

addition, maternal exposure to ketamine is associated with

emotional disorders, such as anxiety and depression-like

behavior, and cognitive impairment in offspring [17, 18].

Future studies are needed to evaluate the safety of ke-

tamine in these specific types of patients, particularly in

pregnant women.

Differences in the efficacy and side-effects of ketamine

are thought to underlie the different neurotoxicity and

behavioral profiles of high- versus low-dose ketamine. At

low doses, it acts as a noncompetitive NMDAR antagonist

that blocks the receptor by binding to a specific site at the

NMDAR-gated ion channel [19, 20]. Doses of ketamine

higher than low analgesic doses can interact with several

other receptors and ion channels, including opioid receptors,

monoamine transporters, and dopamine D2 receptors

[21, 22]. These interactions have been suggested to be

responsible for such side-effects as learning and memory

impairment, sedation, ataxia, and psychotomimetic effects

that have been reported in humans [23]. Seven administra-

tions of a low dose (10 mg/kg) or a single administration of

20 mg/kg did not produce neurotoxicity [15]. A significant,

age-dependent neurotoxic reaction occurred in both male

and female rats when they were exposed to increasing doses

of ketamine (20, 40, 60, and 80 mg/kg) [24]. In aging ani-

mals (60 mg/kg at 18 months and 40 mg/kg at 24 months),

the ketamine-induced neurotoxic reaction was very robust

compared with younger animals (6 months old) [25].

Prolonged intravenous ketamine administration in

patients with refractory status epilepticus produced acute

and profound cerebellar deficits and worsened cerebral

function [26], raising the possibility of ketamine-induced

neurotoxicity. A previous study of 20 participants revealed

that ketamine abusers exhibit a persistent deficit in source

memory, suggesting that repeated ketamine use chronically

impairs episodic memory [27]. A clinical study revealed

dose-dependent abnormalities in white matter in the bilat-

eral frontal and left temporoparietal regions after chronic

ketamine use, providing evidence of the microstructural

basis of changes in cognition and experience in prolonged

ketamine users [28]. Repeated injections of ketamine, but

not an acute injection, are sufficient to induce a loss of the

c-aminobutyric acid (GABA)ergic phenotype of parval-

bumin interneurons [29]. Similarly, repeated exposure to

ketamine in rats suppressed inhibitory synaptic transmis-

sion in the prefrontal cortex, producing biochemical

changes in the GABAergic system that led to functional

disinhibition [30]. Prolonged exposure to ketamine in vitro

or repeated exposure in vivo increases interleukin-6 pro-

duction in the brain, which is necessary and sufficient for

the activation of NADPH oxidase and the subsequent loss

of the GABAergic phenotype of parvalbumin interneurons

[29]. Acute ketamine administration (30 mg/kg) produces a

gradient of hippocampal hypermetabolism [31]. Moreover,

repeated ketamine exposure (16 mg/kg) significantly

decreases the parvalbumin-positive cell density relative to

a saline-treated control group. This loss of parvalbumin-

positive cell density is significantly associated with hip-

pocampal volume loss, which in turn is closely associated

with the pathophysiology of depression [31]. Considering
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the potential risk of neurotoxicity that is generally associ-

ated with chronic ketamine use at higher doses, we propose

that repeated infusions of low doses of ketamine are safe

and effective in sustaining an antidepressant response

[32–35]. Further investigations of the optimal dose and

route of administration that are safe for chronic ketamine

treatment are required.

Cognitive Effects of Ketamine

A double-blind, placebo-controlled, independent-group

study of 54 healthy volunteers showed that infusions of two

doses of ketamine (0.4 and 0.8 mg/kg) dose-dependently

impaired episodic and working memory and slowed

semantic processing, recognition memory, and procedural

learning [36]. Another double-blind, placebo-controlled,

randomized, within-subject study of 12 healthy volunteers

showed that intravenous infusions of 50 and 100 ng/mL

ketamine impaired episodic memory and recognition

memory [37]. These findings indicate that ketamine induces

robust episodic memory impairments, especially in the

encoding of information into episodic memory [38]. In

addition, neuroimaging data revealed that ketamine

increased left frontal activity during a deep encoding task,

providing indirect evidence that semantic memory impair-

ments are induced by ketamine [39]. Furthermore, several

studies have reported ketamine-induced deficits in sustained

attention in a continuous performance task at different

levels of information processing [40–42], suggesting

attentional deficits following ketamine administration.

However, double-blind, placebo-controlled, randomized,

within-subject trials that evaluated sub-anesthetic doses of

intravenous ketamine showed that it does not induce

attentional difficulties [43, 44]. Moreover, a placebo-

controlled, randomized, double-blind psychopharmacological

trial found that intravenous ketamine (0.23 and 0.5 mg/kg)

impaired performance on tasks that tested executive func-

tion in humans [45]. There is no evidence that repeated

ketamine exposure increases psychotic, perceptual, eupho-

ric, or anxiogenic responses [46]. Ketamine administration

at sub-anesthetic doses has been consistently shown to

present an acceptable level of risk in healthy individuals

throughout their participation in a study [47].

Effects of Ketamine on Adverse Events Associated
with Mental Status

Adverse events associated with mental status in response to

ketamine have been generally mild and transient. Ten

significant adverse events associated with mental status

were documented in 833 healthy individuals who received

sub-anesthetic doses of ketamine intravenously [47]. These

events included self-reported sensations of ‘‘very unpleas-

ant,’’ ‘‘no control, not a good feeling,’’ ‘‘weird,’’ ‘‘pan-

icky,’’ and ‘‘too high, walls closing in,’’ nightmares,

insomnia, a lower ability to concentrate, tearfulness, and no

response to verbal and painful stimuli [47]. Most of these

events resolved within minutes after the cessation of

ketamine administration, and they all improved within 4

days and were not present after 2 weeks.

Psychotomimetic Effects of Ketamine

A meta-analysis of eight randomized controlled trials

showed that a single administration of ketamine was

associated with transient psychotomimetic effects but not

persistent psychosis or affective switches in the rapid

treatment of unipolar and bipolar depression [48]. A dou-

ble-blind, placebo-controlled, crossover study of 10 healthy

individuals showed that an infusion of ketamine at a sub-

anesthetic dose significantly augmented high-frequency

oscillations that are associated with the psychotomimetic

symptoms experienced during ketamine administration

[49]. Similarly, spontaneously-occurring gamma oscilla-

tions were measured in rats after subcutaneous adminis-

tration of a single dose of ketamine (10 mg/kg). Ketamine

dose-dependently increases the power of wake-related

gamma oscillations in the neocortex [50].

Cardiovascular Effects of Ketamine

Some cardiovascular events induced by ketamine have

been described as being mostly transient elevations in

blood pressure. In one study, 0.8 mg/kg ketamine was

infused into 16 depressed patients who were undergoing

electroconvulsive therapy. Five cardiovascular events were

recorded, including severe hypertension and diastolic blood

pressure [100 mmHg [51]. A double-blind, cross-over,

placebo-controlled clinical trial was conducted over 2

weeks in 27 hospitalized depressive patients. The results

showed that 0.54 mg/kg ketamine induced a mild increase

in blood pressure, but this increase ceased within 30 min

after the ketamine infusion [52]. These cardiovascular side-

effects may be attributable to the systemic release of cat-

echolamines and the inhibition of norepinephrine reuptake

at peripheral nerves and in non-neuronal tissues, such as

the myocardium [53]. Therefore, ketamine should be used

cautiously in patients with preexisting cardiovascular dis-

ease, including ischemic heart disease and hypertension. In

addition, blood pressure should be monitored during keta-

mine administration. Attention also needs to be paid to

patients concerning the possible psychological effects of

W. Zhu et al.: Risks of Antidepressant Ketamine 559

123



ketamine. Such effects can be frightening to patients, but

carefully preparing them for such eventualities can be very

helpful [54].

Uropathic Effects of Ketamine

The first evidence of the uropathic effects of ketamine was

reported in 2007, in which severe urinary tract damage was

found in six young patients after chronic ketamine use [55].

The symptoms associated with the uropathic effects were

mainly severe urgency, urinary frequency, intermittent

hematuria, nocturia, dysuria, and bladder pain [56–59]. The

duration and dosage of ketamine were proposed to be

related to an increase in urinary tract dysfunction [58, 60].

Treatment usually occurs symptomatically because the

pathophysiology of ketamine-induced damage to the uri-

nary system remains unclear, and the symptoms are

reversed by ketamine cessation.

Other Clinical Concerns

Several controlled studies of patients with depression,

especially those with treatment-resistant forms, have

shown that intravenous ketamine is safe and has a rapid

effect on depressive symptoms. However, alternative

routes of administration need to be considered for clinical

practice. The first controlled randomized, double-blind,

crossover study in 20 patients with major depression

reported significant improvements in symptoms (based on

the Montgomery–Åsberg Depression Rating Scale) 24 h

after intranasal administration of ketamine hydrochloride

(50 mg) [61]. The advantage of intranasal administration

over intravenous administration is that the intranasal route

produces rapid antidepressant effects (within 5–40 min)

with fewer dissociative side-effects and no drug-induced

euphoria [62]. Further investigations of the neural mecha-

nisms that underlie intranasal ketamine-induced behavioral

remission may shed light on the optimal route of admin-

istration for the treatment of depression.

Future Directions

Novel antidepressants are required with greater potency and

longer-lasting effects than those currently in use. Such

antidepressants should also have less severe side-effect

profiles, including fewer psychotomimetic effects and a

lower abuse potential. Ketamine (or RS-ketamine;

Ki = 0.53 lmol/L for the NMDAR) is a racemic mixture

that contains equal parts of S-ketamine (esketamine) and R-

ketamine [63]. Esketamine has a *3- to 4-fold greater

anesthetic potency and more undesirable psychotomimetic

side-effects than R-ketamine [64]. This is related to the fact

that esketamine (Ki = 0.30 lmol/L for the NMDAR) has a

*4-fold greater affinity for the NMDAR relative to R-

ketamine (Ki = 1.4 lmol/L for the NMDAR) [63]. Jansen

Pharmaceuticals has been developing an intranasal formu-

lation of esketamine as a novel antidepressant. Many

researchers believe that NMDAR inhibition might play a

role in ketamine’s antidepressant actions [65]. Recently,

Singh et al. [66] reported a rapid-onset antidepressant effect

of esketamine in treatment-resistant patients with depres-

sion, although psychotic and dissociative symptoms were

the highest 40 min after administration (0.20 or 0.40 mg/kg

for 40 min). Unexpectedly, R-ketamine had greater potency

and longer-lasting antidepressant effects than esketamine in

animal models of depression [67, 68]. Therefore, it is unli-

kely that NMDARs play a major role in the long-lasting

antidepressant effects of R-ketamine, although NMDAR

antagonism may promote its rapid antidepressant action

[67, 68]. Unlike esketamine, R-ketamine does not induce

psychotomimetic-like side-effects or have abuse potential in

rodents [67]. Furthermore, a single dose of esketamine (10

mg/kg), but not R-ketamine (10 mg/kg), resulted in the loss

of parvalbumin immunoreactivity in mouse brain regions,

including the prefrontal cortex [67]. A recent study using

[11C] raclopride and positron emission tomography showed

a marked reduction of dopamine D2/3 receptors in the

striatum of monkeys after a single infusion of esketamine

(0.5 mg/kg, 40 min) but not R-ketamine (0.5 mg/kg, 40 min)

[69]. Considering the role of dopamine release in psychosis,

the marked release of dopamine from presynaptic terminals

in the striatum is likely associated with the psychotomimetic

side-effects in humans after infusions of ketamine and

esketamine. Psychosis is well known to be induced by

NMDAR antagonists such as ketamine and phencyclidine,

suggesting that the psychotomimetic effects of ketamine and

esketamine are associated with NMDAR antagonism [70].

A recent study showed that a twice-weekly infusion of

ketamine was sufficient as an initial repeated-dose strategy

[71]. Acute transient psychotomimetic and dissociative

symptoms were observed, but they usually resolved within

2 h after each infusion. The intensity of dissociative

symptoms diminished with repeated dosing [71]. Recently,

Yang et al. reported that repeated, intermittent adminis-

tration of esketamine (10 mg/kg, once per week for 8

weeks) but not R-ketamine caused a loss of parvalbumin

immunoreactivity in the prefrontal cortex of mice [72]. The

loss of parvalbumin immunoreactivity in the prefrontal

cortex may be associated with the psychosis and gamma-

oscillation deficits in schizophrenia. Repeated esketamine

or ketamine administration may have long-lasting detri-

mental side-effects that are manifested in the prefrontal

cortex of humans [63]. Interestingly, esketamine has been
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reported to induce more psychotic symptoms, loss of

interest, and emotional withdrawal compared with R-

ketamine in healthy individuals [73]. Altogether, the use of

R-ketamine for the treatment of depressed patients may be

a new therapeutic approach that reduces the detrimental

side-effects of racemic ketamine. To date, no randomized,

double-blind, controlled trials have been conducted with

either R-ketamine or esketamine (or racemic ketamine) in

depressed patients. Direct comparisons between R-ke-

tamine and esketamine in depressed patients should be

made in future studies.

Summary

Strong evidence has shown that ketamine is an effective

and fast-acting antidepressant for a variety of depressed

patients. Although few studies have investigated potential

complications, its safety and tolerability profiles are gen-

erally good at low doses or with short-term treatment.

Notably, adverse events associated with ketamine use in

patients with mood disorders are usually associated with

very high doses for prolonged periods of time and are

relieved by discontinuation. Comparisons of ketamine

doses that are used to treat depression and those that cause

toxic effects in humans are listed in Table 1. Repeated

ketamine administration at weekly intervals was found to

be safe and effective in maintaining the treatment response.

Considering the high abuse liability of ketamine, it should

be administered only in clinical settings where patients can

be continuously monitored. We suggest that it should only

be used in emergency departments for suicidal patients if

the patients are adequately monitored for subsequent

transient actions. Future treatment strategies need to be

developed to decrease the risk of adverse events associated

with long-term ketamine treatment for depression.
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Ketamine is a noncompetitive N-methyl-D-aspartate

receptor (NMDAR) antagonist that has attracted wide-

spread attention for its rapid-onset antidepressant effects,

especially in individuals with treatment-resistant depres-

sion and suicidal ideation [1–3]. Compared with the tra-

ditional antidepressants that take weeks, if not months, to

benefit patients and are associated with a high rate of

relapse, ketamine exerts its antidepressant effects within

several hours. These clinical benefits can last for 2 weeks

after a single injection [1, 2, 4]. However, ketamine still

has limited clinical application, mainly because of its

psychotomimetic side-effects and liability of abuse. A

recent paper in Nature [5] showed that the ketamine

metabolite enantiomer (2R,6R)-hydroxynorketamine

(HNK) has rapid and sustained antidepressant effects

without the side-effects associated with ketamine, such as

abuse potential. The discovery of (R)-ketamine is a land-

mark in the field of depression. Investigations of its

mechanism of action will inspire the development of a new

generation of rapid-acting antidepressants that are safer and

have few dissociative side-effects [6].

Ketamine is a racemic mixture with equal proportions of

(R)- and (S)-ketamine. Compared with (R)-ketamine, (S)-

ketamine has been shown to have a more than four-fold

greater affinity for NMDARs, greater anesthetic potency,

and serious psychotomimetic side-effects [7–9]. The

antidepressant efficacy of ketamine has centered on the

inhibition of NMDAR-mediated glutamate neurotransmis-

sion, holding promise for future glutamate-modulating

strategies. However, other NMDAR antagonists have only

relatively modest antidepressant effects compared with

ketamine, in both pre-clinical and clinical studies [10, 11].

Further investigations are needed to improve our under-

standing of ketamine’s mechanism of action.

Zanos et al. [5] concentrated on ketamine metabolites

and investigated the mechanism by which it exerts rapid

and sustained antidepressant effects. The authors hypoth-

esized that if ketamine has rapid-onset effects mainly by

inhibiting NMDARs, then (S)-ketamine would be predicted

to be more potent than (R)-ketamine, and alternative

NMDAR inhibitors would also have similar effects. In

sharp contrast to this prediction, however, they found that

the (R)-ketamine enantiomer has greater antidepressant

efficacy in the forced swim test, the novelty-suppressed

feeding test, and the learned helplessness test. These results

are consistent with previous studies [12, 13], in which (R)-

ketamine appeared to be a more potent, long-lasting, and

safe antidepressant than (S)-ketamine. MK-801, another

NMDAR antagonist, also has rapid antidepressant effects

but they are not maintained [14, 15]. These findings raise

doubts about the NMDAR-dependent antidepressant

responses to ketamine.

Ketamine is stereo-selectively and region-specifically

hydroxylated into a wide range of metabolites, including
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norketamine (norKET), hydroxyketamine, dehydronorke-

tamine, and HNK [16, 17]. A previous study showed that

the plasma concentrations of ketamine metabolites are

correlated with the depressive, psychotic, and dissociative

symptoms in patients with major depressive disorder and

bipolar disorder [18]. The authors hypothesized that the

active ketamine metabolites whose effects last beyond the

time-frame of ketamine’s effects may contribute to the

long-lasting antidepressant action. They identified

(2S,6S;2R,6R)-HNK, together with norKET, as the major

metabolites in both plasma and the brain of mice. More-

over, they found that the levels of (2S,6S;2R,6R)-HNK are

three-fold higher in female than in male brains, which may

explain the greater antidepressant effects in female mice

after ketamine administration in the forced swim test.

To further investigate the putative role of (2S,6S;2R,6R)-

HNK in the antidepressant responses to ketamine, the

authors used deuteration at the C6 position of ketamine to

reduce its rate of metabolism without altering its pharma-

cological and physiological properties. The deuterated

ketamine failed to induce sustained antidepressant effects

24 h after administration, suggesting that (2S,6S;2R,6R)-

HNK is necessary for such effects. Consistent with the

greater antidepressant action of (R)-ketamine than (S)-

ketamine [6, 13], (2R,6R)-HNK, which is exclusively

metabolized from (R)-ketamine, has more potent, dose-

dependent antidepressant actions, while (2S,6S)-HNK has

antidepressant effects at higher doses.

The clinical utility of ketamine is significantly limited

by its psychotomimetic side-effects and abuse potential.

Zanos et al. [5] showed that (2R,6R)-HNK lacks disso-

ciative and psychotomimetic side-effects in a wide range of

tests, even in drug discrimination and self-administration

paradigms that evaluate the liability of drug abuse/addic-

tion. In contrast, both ketamine and (2S,6S)-HNK have

serious abuse potential and other side-effects. (S)-ketamine

but not (R)-ketamine causes deficits of parvalbumin-

positive neurons in the medial prefrontal cortex and hip-

pocampus in mice [19], and this may be responsible for the

psychotic side-effects.

Using electrophysiological, electroencephalographic

(EEG), and biochemical techniques, the authors further

investigated possible mechanisms that underlie the rapid and

sustained antidepressant effects of (2R,6R)-HNK. Ketamine

is widely accepted to act mainly by inhibiting NMDARs in

GABAergic interneurons, thus disinhibiting glutamatergic

neurons, leading to the activation of downstream signaling

and synaptic protein synthesis [20–22] (Fig. 1). Zanos et al.

[5] examined the extent of (2R,6R)-HNK dependence on

NMDAR activation. Surprisingly, they found that (2R,6R)-

HNK induces robust increases in a variety of a-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid receptor

Fig. 1 Rapid antidepressant mechanism of ketamine in medial

prefrontal cortex. Repeated stress causes a malfunction of synaptic

connectivity, characterized by decreases in glutamate release and

AMPAR function, signal transduction, and synaptic protein synthesis,

resulting in decreased number and function of spine synapses.

Ketamine treatment is thought to cause disinhibition of GABAergic

interneurons through blockade of NMDARs, resulting in widespread

bursts of glutamate release in the medial prefrontal cortex. Glutamate

release further activates AMPARs, contributing to BDNF release and

the activation of a series of downstream pathways such as mTORC1

signaling, which increases synaptic protein synthesis and AMPAR

trafficking. This widespread activation of signaling pathways leads to

synapse recovery and regeneration, and thus remission of the

depressed state.
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(AMPAR)-dependent electrophysiological signatures,

without affecting NMDAR-mediated currents in rat hip-

pocampal slices. When the AMPAR antagonist NBQX was

applied 10 min before ketamine and (2R,6R)-HNK treat-

ment, it blocked both the acute and sustained antidepressant

actions of (2R,6R)-HNK, highlighting the critical role of

AMPARs in its antidepressant effects. EEG also confirmed

that (2R,6R)-HNK acutely increases gamma power in vivo,

similar to ketamine, and NBQX pretreatment blocks the

(2R,6R)-HNK-induced increase in gamma power. These

findings indicate that the antidepressant actions of (2R,6R)-

HNK are dependent on AMPARs.

The antidepressant effects of ketamine require the acti-

vation of several intracellular signaling pathways

[15, 23, 24] and the enhancement of AMPAR-mediated

synaptic plasticity [20, 25]. The authors examined the

biochemical profiles of ketamine and (2R,6R)-HNK in the

hippocampus and medial prefrontal cortex, two mood-

related brain regions. Ketamine and (2R,6R)-HNK induced

similar biochemical changes in the hippocampus, sug-

gesting that they have overlapping pathways that mediate

their antidepressant actions.

Zanos et al. [5] found that both ketamine and its

metabolite (2R,6R)-HNK decrease the phosphorylation of

eukaryotic translation elongation factor 2 (eEF2) and

increase the expression of brain-derived neurotrophic fac-

tor (BDNF), GluA1, and GluA2 in hippocampal synap-

toneurosomes 24 h after treatment. Combined with the

electrophysiological and EEG data, we speculate that

AMPAR-mediated maintenance of synaptic potentiation,

BDNF release, and protein synthesis through eEF2

dephosphorylation underlies the sustained (24 h) antide-

pressive effects of ketamine metabolites (Fig. 2). However,

Zanos et al. found that both ketamine and (2R,6R)-HNK

have no significant effect on mTOR phosphorylation and

BDNF levels at 1 h after treatment, which is not consistent

with previous studies regarding the involvement of

AMPAR-mediated BDNF/TrkB/mTORC1 (mammalian

target of rapamycin complex 1) signaling in the rapid

antidepressant effects of ketamine [20, 21, 26] (Fig. 1).

Thus these conclusions should be treated with caution,

needing more investigations and further verification.

Altogether, Zanos et al. [5] discovered that (2R,6R)-

HNK, one of the main metabolites of ketamine in the brain,

mimics the antidepressant effects of ketamine but has

innocuous side-effects. (2R,6R)-HNK has a wide range of

antidepressant-related effects in mice, and these behavioral,

electrophysiological, and intracellular changes depend on

Fig. 2 Mechanisms of rapid and sustained antidepressant actions of

ketamine metabolites in the hippocampus. Racemic ketamine is

metabolized into a wide range of components. (2S,6S)-HNK and

(2R,6R)-HNK are the major HNK metabolites in both plasma and the

brain in mice. (2R,6R)-HNK elicits rapid (A) and sustained (B) an-

tidepressant effects, whereas (2S,6S)-HNK has no such beneficial

effects and induces ketamine-like side-effects. (A) Ketamine and its

metabolites may both contribute to the rapid antidepressant effects.

Ketamine blocks NMDARs in GABAergic interneurons, and (2R,6R)-

HNK induces glutamate release and activates AMPARs through an

unknown mechanism, both of which lead to eukaryotic translation

elongation factor 2 (eEF2) dephosphorylation and rapid antidepres-

sant effects. (B) Glutamate bursts are induced by (2R,6R)-HNK

through an unknown mechanism to stimulate AMPARs, resulting in

BDNF release and protein synthesis through eEF2 dephosphorylation,

which may be responsible for the sustained antidepressant effects of

(2R,6R)-HNK.
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AMPARs. Although the exact mechanism underlying the

antidepressant action of ketamine is still debated, the find-

ings of Zanos et al. [5] are a landmark in ketamine research.

Their study extends our understanding of its antidepressant

effects and will inspire the development of a new generation

of antidepressants with fewer side-effects. Future investi-

gations are needed to confirm and elucidate the mechanisms

of the rapid and sustained antidepressant effects of ketamine

and its metabolites and, more importantly, to develop safer

antidepressants that may be substituted for ketamine.
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The nucleus accumbens (NAc) is thought to integrate

information that is conveyed by (1) dopaminergic inputs

from the midbrain and (2) glutamatergic inputs from limbic

and cortical regions, including the amygdala, prefrontal

cortex (PFC), hippocampus, and thalamus [1], and signal to

the basal ganglia motor system to guide appropriate

behaviors. Addictive drug use is proposed to hijack this

system, enhancing the brain’s reactivity to drug cues and

triggering drug-seeking and relapse after prolonged with-

drawal [2, 3]. Both positive reinforcement (rewarding

effects of drugs) and negative reinforcement (aversive

emotional state associated with withdrawal) have been

considered to play critical roles in the etiology and main-

tenance of drug addiction, and NAc neurons are capable of

processing both reward and aversion [4, 5]. Optogenetic

activation of inputs from the PFC, ventral hippocampus

(vHipp), and basolateral amygdala (BLA) to the NAc

drives positive reinforcement and facilitates reward-

seeking behavior [6, 7], but a recent paper in Nature [8] has

identified another face of the NAc. The pathway from the

paraventricular nucleus of the thalamus (PVT) to the NAc

is key to the aversive emotional state of drug withdrawal.

Glutamatergic synaptic transmission within the NAc has

been recognized as a primary target for addictive drugs to

produce adaptive synaptic changes and modulate behav-

ioral output. Cocaine selectively increases the presynaptic

release probability of excitatory synapses within the PFC-

NAc pathway but not the BLA-NAc pathway, and amyg-

dala fibers have a relatively low probability of transmitter

release [7, 9]. Chronic non-contingent or contingent

cocaine exposure and withdrawal evoke input- and cell

type-specific plasticity in the NAc, which may underlie

behavioral adaptations in addiction, such as craving and

relapse [7, 10]. Optogenetic-mediated, pathway-specific

stimulation reveals that the activation of inputs from the

PFC, vHipp, and BLA to the NAc is rewarding and can

reinforce instrumental behavior [6, 7]. However, still

unknown is the specific NAc circuitry that underlies neg-

ative emotional and motivational states after withdrawal.

Using retrograde neuronal tracing, Zhu et al. [8]

showed that the NAc is densely innervated by the PVT, in

addition to its well-characterized inputs from the PFC,

vHipp, and BLA. Brief light stimulation of fibers that

project from the PVT to the NAc evoked robust a-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor

(AMPAR)-mediated excitatory postsynaptic currents in

medium spiny neurons (MSNs), indicating that the PVT is

a source of glutamatergic afferents to the NAc. Behav-

iorally, optogenetically activating the PVT-NAc pathway

evokes avoidance of a light-paired chamber in the real-

time place preference assay, which depends on gluta-

matergic but not dopaminergic transmission in the NAc.

Thus, in contrast to other inputs to the NAc, the PVT input

mediates aversion rather than reward. This suggests the

possibility that this pathway is a specific neuronal circuit

involved in the negative emotional state associated with

drug withdrawal.
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Zhu et al. [8] used optogenetic and chemogenetic

approaches to selectively silence the PVT-NAc pathway

and test the effects of this manipulation on opiate with-

drawal-induced somatic signs and place aversion. Robust

Fos expression in PVT neurons that project to the NAc was

precipitated by naloxone and induced by spontaneous

withdrawal. Optogenetic inhibition of PVT axons

expressing archaerhodopsin-3 in the NAc during naloxone-

precipitated withdrawal suppressed physical signs and

avoidance of the withdrawal chamber in morphine-

dependent mice but not in drug-naive mice. Using inhibi-

tory designer receptors exclusively activated by designer

drugs, silencing the PVT-NAc pathway by intra-NAc

injection of clozapine-N-oxide before four conditioned

place aversion (CPA) training sessions prevented the for-

mation of aversive memory.

However, foot-shock and LiCl injection also increased

Fos expression in PVT neurons that project to the NAc.

Silencing this pathway during conditioning reduced the

expression of foot-shock- and LiCl-induced CPA, indicat-

ing that the PVT-NAc pathway also mediates aversion

induced by these stimuli. Together, it is speculated that the

PVT-to-NAc circuit plays important roles in the modula-

tion and encoding of general aversion such as stress and

fear conditioning.

MSNs can be classified into two groups based on the

dopamine receptors that they express (D1 or D2 [D1R or

D2R]). These subtypes have different projection targets

(direct or indirect to the midbrain) and exert complemen-

tary and sometimes opposing actions on behaviors that are

controlled by the corticostriatal system [11–13]. Previous

studies have reported an increase in synaptic strength in

D1R-MSNs but not D2R-MSNs after cocaine withdrawal,

most likely through a postsynaptic mechanism [10, 14].

Zhu et al. [8] showed that chronic morphine treatment

increased the AMPAR/N-methyl-D-aspartate receptor ratio

and the insertion of GluA2-lacking Ca2?-permeable

AMPARs at PVT ? D2R-MSN synapses but not

PVT ? D1R-MSN synapses. Moreover, they used an

established in vivo long-term depression (LTD) protocol to

reduce synaptic transmission at PVT ? D2R-MSN

synapses (i.e., light pulses at 1 Hz for 15 min). This

optogenetic protocol restored normal transmission at

PVT ? D2R-MSN synapses, without influencing synaptic

strength at PVT ? D1R-MSN synapses, and ultimately

reduced the expression of opiate withdrawal symptoms and

CPA of the withdrawal chamber.

Previous studies have shown that orexin/hypocretin

transmission in the PVT primarily originating from the lat-

eral hypothalamus plays an important role in drug-seeking

behavior [15, 16]. Besides the NAc, the PVT also specifically

projects to the ventral tegmental area, PFC, and hippocam-

pus, which are widely implicated in reward-related behav-

iors [16]. Further exploration of the specific neuronal sub-

populations and circuits in the PVT mediating reward-

seeking and aversive symptoms seems warranted.

Fig. 1 Synaptic changes in the paraventricular nucleus of the

thalamus-to-nucleus accumbens pathway after opiate withdrawal.

Left glutamatergic fibers that originate in the paraventricular nucleus

of the thalamus (PVT) innervate medium spiny neurons (MSNs) in

the nucleus accumbens (NAc) and control motivated behaviors.

Middle chronic morphine treatment selectively strengthens

PVT ? D2 receptor (D2R)-MSN synapses via the insertion of

GluA2-lacking Ca2?-permeable AMPARs (CP-AMPARs), triggering

strong physical signs and robust aversive memory. Right de-

potentiation of the PVT input onto D2R-MSNs by optogenetic

induction of long-term depression (LTD) restores normal transmis-

sion at these synapses and suppresses aversive withdrawal symptoms.
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The study by Zhu et al. [8] is a landmark in our

understanding of the neuronal circuitry that underlies opi-

ate withdrawal and highlights the role of plasticity at

PVT ? D2R-MSN synapses in the negative emotional and

motivational states associated with opiate withdrawal

(Fig. 1). Their results suggest that some of the neuronal

adaptations associated with opiate dependence may be

reversible. Optogenetic protocols that target specific

synapses and use specific stimulation parameters to cause

potentiation or de-potentiation may inspire novel treat-

ments for opiate addiction. In humans, novel deep brain

stimulation or transcranial magnetic stimulation protocols

may restore normal synaptic transmission, thus relieving

withdrawal symptoms [17].
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Abstract Olfactory dysfunction has been reported in

Parkinson’s disease (PD) patients carrying the LRRK2

G2019S variant in Caucasians but rarely in those with the

LRRK2 G2385R variant. In this study, we performed

genotyping for the LRRK2 G2385R variant in PD patients

recruited from the Movement Disorder Clinic of Xuanwu

Hospital in Beijing and in healthy controls randomly

selected from the Beijing Longitudinal Study on Aging

cohort. The ‘‘five-odor olfactory detection array’’, an

olfactory threshold test, was used to assess olfactory

function. One hundred and eighty-six participants were

enrolled, comprising 43 PD patients without (iPD) and 25

with (LRRK2-PD) the LRRK2 G2385R variant, and 118

healthy controls. Our results showed that the threshold of

olfactory identification was significantly worse in PD

patients than in controls, but not significantly different

between the iPD and LRRK2-PD groups. These findings

suggested that although olfactory function in LRRK2-PD

patients is impaired, it is similar to that in iPD patients.

Keywords Parkinson’s disease � Olfactory dysfunction �
LRRK2 G2385R variant

Introduction

Olfactory dysfunction is a common non-motor symptom

among patients with Parkinson’s disease (PD). About

75%–90% of PD patients present with hyposmia [1–3],

suggesting that it is an early marker of developing PD [4].

However, a few studies have reported that olfactory func-

tion is less impaired in genetic PD with the leucine-rich

repeat kinase 2 (LRRK2) G2019S variant than idiopathic

PD in Caucasians [5–8], while little information is avail-

able on olfactory function in PD patients with the Asia-

specific LRRK2 G2385R variant. Previous studies have

shown that the LRRK2 G2385R variant is commonly

associated with late-onset sporadic PD, which is clinically

similar to idiopathic PD in Chinese patients [9, 10]. Here

we carried out a preliminary study to investigate the effects

of the LRRK2 G2385R variant on olfaction in PD patients

and healthy elderly controls.

Participants and Methods

Participants

PD patients were recruited from the Movement Disorders

Clinic of Xuanwu Hospital of Capital Medical University

in Beijing, China, and healthy controls were randomly

selected from the Beijing Longitudinal Study on Aging

cohort from 2013 to 2014 [11]. All participants were

interviewed and examined by a movement disorder spe-

cialist. PD patients were diagnosed according to the UK

Brain Bank Criteria [12]. Participants with incomplete

clinical information, a positive neurological family history,

cognitive impairment (Mini-Mental State Examination

score \ 24), rhinitis, a history of nasal disease, upper
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respiratory infection (within two weeks), and nasal or head

trauma were excluded from the study.

Before the beginning of the study, all participants signed

the informed consent form, which was approved by the

local Ethics Committee.

Olfactory Test

The ‘‘five-odor olfactory detection array’’, one of the

Chinese olfactory tests, was applied [13–15]. The sensi-

tivity of this test was 74.0% and the specificity was 91.7%

as calculated in a previous study [16]. This test uses the

following odors: acid (acetic acid), banana (amyl acetate),

mint (menthol), flower (eugenol), and bad smell (scatole).

The threshold of detection was determined with six con-

centrations of each odor at 1:10 dilution in liquid paraffin

as the solvent. The odors were positioned from left to right

in a box, arranged from low to high values, and each was

labeled -2, -1, 0, 1, 2, and 3. Participants were settled in a

quiet, ventilated room free of other odors. The test for each

odor started from the lowest to the highest. The threshold

of olfactory detection (TOD) was noted when the partici-

pant was able to smell the odor. The threshold of olfactory

identification (TOI) was noted when the participant was

able to give the correct name of the odor. The TOD and

TOI scores were recorded on a standardized answer sheet.

The score was recorded as 3.5 and labeled as anosmia if the

participant could not identify any odor. The severity of

olfactory dysfunction was represented by the mean value of

the combination of TOD and TOI scores for all five odors,

based on which the participants were classified as normal

(B1), mild hyposmia ([1, B2), and severe hyposmia ([2)

[13, 16].

Genotyping

LRRK2 genotyping was performed for all participants. The

blood samples were analyzed as described previously [17].

The genotyping for the LRRK2 G2385R variant

(7153G[A, single nucleotide polymorphism [SNP] with

accession no. rs34778348) was carried out with a single

base primer extension assay using the ABI PRISM SNaP

Shot Multiplex kit (Applied Biosystems Inc., Foster City,

CA) according to the manufacturer’s recommendations.

Analysis was carried out using Gene Mapper software

(version 4.0 Applied Biosystems Inc., Foster City, CA).

The primer sets used for assay of the G2385R variant were

as follows: forward, TGCAATAGTCTAGCTTGTTT;

reverse, GTGACACATGAAGTGCAA; SNP primer,

GATAAGAAAACTGAAAAACTCTGT. Participants car-

rying the LRRK2 G2385R variant were classified as LRRK2

mutation carriers, while those without it, were defined as

non-carriers.

Statistical Analysis

Data analysis was performed using SPSS 19.0 software

(IBM Corp., New York, NY). Means and SDs were cal-

culated for all continuous variables. The Mann–Whitney

test was performed for pair-wise comparison of age, Hoehn

and Yahr score [18], and the TOD and TOI scores, and the

v2 test was used for pair-wise comparison of the frequen-

cies of categorical variables. Logistic regression analysis

was used to adjust for age, gender, and smoking in the

comparison of severity of olfactory dysfunction among

groups as well as for the variables TOD and TOI. A two-

sided P value \0.05 was considered statistically

significant.

Results

A total of 186 participants were enrolled, comprising 43

PD patients without LRRK2 G2385R (iPD), 25 PD patients

with the variant (LRRK2-PD), and 118 healthy participants

without the variant. The demographic information is listed

in Table 1. Healthy controls were slightly older and had

fewer males than the PD groups. The TOD scores were

similar among the iPD, LRRK2-PD, and control groups,

but the TOI scores were significantly higher (worse) in

both the iPD (2.58 ± 0.65 vs 2.36 ± 0.61, P = 0.020) and

LRRK2-PD (2.70 ± 0.53 vs 2.36 ± 0.61, P = 0.019)

groups than in controls (Table 1).

To investigate whether the LRRK2 G2385R variant

influences the severity of olfactory dysfunction, we com-

pared the frequency of participants with severe olfactory

dysfunction among the different groups (Table 2). We

found that although the proportion of participants with

severe olfactory dysfunction was only slightly but not

significantly different between the iPD and LRRK2-PD

groups (96.0% vs 86.0%), the proportion in both iPD and

LRRK2-PD patients was significantly higher than that in

controls (Table 2).

Furthermore, the TOD differed between the iPD and

control groups (1.90 ± 1.33 vs 1.21 ± 1.22, P = 0.004)

and the TOI differed between the LRRK2-PD and control

groups (2.54 ± 1.44 vs 2.11 ± 1.29, P = 0.045). The TOI

scores for Banana and Mint were significantly different

between the PD and control groups (Banana: LRRK2-PD

vs control, 3.22 ± 0.52 vs 2.40 ± 1.04, P = 0.0001; Mint:

iPD vs control, 2.89 ± 0.81 vs 2.40 ± 0.98, P = 0.005;

LRRK2-PD vs control, 3.22 ± 0.50 vs 2.40 ± 0.98,

P = 0.0001), but interestingly, the TOI score for Banana

was much higher (worse) in LRRK2-PD than in iPD

patients (3.22 ± 0.52 vs 2.57 ± 0.98, P = 0.015). Also,

the TOI scores for Flower differed between the iPD and

control groups (2.49 ± 0.79 vs 2.74 ± 1.03, P = 0.032).
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Discussion

Here, we confirmed that olfactory dysfunction in Chinese

participants, especially the threshold of odor identification,

was impaired in both iPD and LRRK2-PD patients com-

pared to controls. This finding is in agreement with the

majority of reports on Caucasian participants [1, 19]. Pre-

vious studies have shown that olfactory function presents

better UPSIT (University of Pennsylvania Smell Identifi-

cation Test) scores in LRRK2 G2019S PD patients than in

iPD patients, indicating that this variant might preserve

olfactory function in PD patients [8] and patients with this

variant might have a different subtype of PD [20, 21].

However, we did not obtain the same result in PD patients

with the LRRK2 G2385R variant. Both the TOI and TOD

scores of LRRK2-PD patients were similar to those in iPD

patients. Even when the olfactory dysfunction was classi-

fied as mild or severe, the proportion of severe olfactory

dysfunction did not differ significantly between the

LRRK2-PD and iPD groups. Whether the discrepancy in

olfactory dysfunction between LRRK2 G2019S and

G2385R variants results from mutation-specific effects or

aging warrants further investigation.

Olfactory dysfunction might be selective for specific

odors, as has been suggested in studies of the Caucasian

population [22, 23]. One previous study from Germany

reported that licorice, banana, aniseed, pineapple, apple,

and turpentine are the best odors for discriminating PD

from controls [24], while an Australian study suggested

that the five odors pineapple, banana, gasoline, smoke, and

cinnamon have the best discriminatory value for PD [25].

One American study found that the three odors banana,

licorice, and dill pickle have high accuracy for the diag-

nosis of PD [22]. Our study found that the odors of Banana

and Mint had better specificity in identifying olfactory

dysfunction in Chinese PD patients. Interestingly, the odor

of Banana (amyl acetate) was significantly worse in terms

of TOI score in LRRK2-PD than iPD patients. Whether the

inability to identify amyl acetate might be associated with

LRRK2 mutations needs further study.

It is known that the LRRK2 G2385R variant is associ-

ated with susceptibility to PD in East-Asians [26] and its

clinical features are similar to those of iPD patients [9].

However, less information on the pathology of PD asso-

ciated with the LRRK2 G2385R variant has been reported.

According to previous studies, a-synuclein deposits are

present in the olfactory bulb and anterior olfactory nucleus

at Braak stage I [27, 28], providing evidence that PD might

initiate from the olfactory system at the pathological level

[29]. Studies have shown that PD patients with the LRRK2

Table 1 Demographics of PD patients and controls

LRRK2-PD

(n = 25)

iPD (n = 43) Control

(n = 118)

LRRK2-PD vs iPD

P1 (adjusted P1)

iPD vs control

P2 (adjusted P2)

LRRK2-PD vs

control P3 (adjusted P3)

Age (mean ± SD) 68.12 ± 10.05 65.89 ± 10.93 71.12 ± 8.51 0.356 0.001 0.121

Gender, male (%) 16 (64.0) 28 (65.1) 49 (41.5) 0.926 0.008 0.040

H&Y 2.2 ± 0.80 2.4 ± 0.74 / 0.232 / /

Smoking [n, (%)] 8/22 (36.4) 12/36 (33.3) 43/109 (39.4) 0.814 0.512 0.787

TOD (mean ± SD) 1.42 ± 1.20 1.49 ± 1.00 1.24 ± 0.93 0.868 (0.608) 0.093 (0.296) 0.296 (0.687)

TOI (mean ± SD) 2.70 ± 0.53 2.58 ± 0.65 2.36 ± 0.61 0.289 (0.867) 0.071 (0.020) 0.017 (0.019)

P values in pair-wise comparisons were made using the Mann–Whitney test and adjusted P values were adjusted by multivariate linear regression

analysis for age, gender, and smoking

H&Y Hoehn and Yahr score

Table 2 Distribution of olfactory dysfunction in PD patients and controls

LRRK2-PD

(n = 25)

iPD

(n = 43)

Control

(n = 118)

LRRK2-PD vs iPD

P1, OR (95% CI)

iPD vs control P2,

OR (95% CI)

LRRK2-PD vs control

P3, OR (95% CI)

Normal/mild olfactory

dysfunction [n, (%)]

1 (4.0%) 6 (14.0%) 36 (30.5%) Ref Ref Ref

Severe olfactory

dysfunction [n, (%)]

24 (96.0%) 37 (86.0%) 82 (69.5%) 0.221

3.892(0.441–34.375)

0.021

3.921(1.233–12.466)

0.018

12.725(1.556–104.029)

P1 values were not adjusted because of the small sample size (n = 7) in the normal/mild olfactory dysfunction group; P2 and P3 values were

adjusted by logistic regression analysis for age, gender, and smoking

ref reference
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G2019S mutation have Lewy body pathology in most cases

[30], including a-synuclein aggregation in the rhinen-

cephalon [31], suggesting that LRRK2 mutations affect the

olfactory system. Future studies on the pathology of PD

associated with the LRRK2 G2385R variant may clarify

whether olfactory dysfunction is associated with a-synucle

in pathology in the olfactory system (olfactory epithelium,

olfactory bulb, and piriform cortex).

The present study has some limitations, such as the

small sample size and genotyping only for the LRRK2

G2385R variant. The age and gender of participants in the

PD (LRRK2-PD and iPD) and control groups were not

well-matched though they were adjusted for. Last but not

least, a longitudinal follow-up or a large-scale clinical

study is needed to replicate our findings.

In summary, olfactory impairment is common in PD

patients, including those with the LRRK2 G2385R variant.

PD patients with this variant have olfactory dysfunction

similar to iPD patients.
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Abstract Nogo-66 plays a central role in the myelin-

mediated inhibition of neurite outgrowth. Tau is a micro-

tubule-associated protein involved in microtubule assembly

and stabilization. It remains unverified whether tau inter-

acts directly with growth factor receptors, or engages in

cross-talk with regeneration inhibitors like Nogo-66. Here,

we report that plasmid overexpression of tau significantly

elevated the protein levels of total tau, phosphorylated tau,

and microtubule-affinity regulating kinase (MARK). Nogo-

66 transiently elevated the total tau protein level and per-

sistently reduced the level of p-S262 tau (tau phosphory-

lated at serine 262), whereas it had little influence on the

level of p-T205 tau (tau phosphorylated at threonine 205).

Nogo-66 significantly decreased the protein level of

MARK. Hymenialdisine, an inhibitor of MARK, signifi-

cantly reduced the level of p-S262 tau. Overexpression of

tau rescued the Nogo-66-induced inhibition of neurite

outgrowth in neuroblastoma 2a (N2a) cells and primary

cortical neurons. However, concomitant inhibition of

MARK abolished the rescue of neurite outgrowth by tau in

N2a cells. We conclude that dephosphorylation of tau at

S262 is able to regulate Nogo-66 signaling, and that

overexpression of tau can rescue the Nogo-66-induced

inhibition of neurite outgrowth in vitro.

Keywords Neurite outgrowth � Myelin inhibitor �
Microtubule-associated protein � Phosphorylation

Introduction

Limited axonal regeneration following spinal cord injury

has been ascribed to the growth-inhibitory environment

induced by myelin inhibitors [1]. Nogo-66 (66-residue

extracellular domain), a prominent myelin inhibitor [2],

inhibits neurite growth by signaling via multiple neuronal

receptors, including the ligand-binding Nogo-66 receptor 1

(NgR1), paired immunoglobulin-like receptor B, and other

co-receptors [3]. However, the exact mechanism by which

Nogo-66 inhibits outgrowth has not been fully elucidated.

Microtubules are among the most prominent structural

components found in growing and mature neuritic projec-

tions [4–6]. The microtubule-associated protein tau plays

an important role in microtubule assembly and stabilization

[7]. Tau also regulates the dynamic instability of micro-

tubules involved in reorganization of the cytoskeleton

[8, 9]. In recent years, studies have focused on the patho-

logical role of tau in the neurodegenerative diseases known

as tauopathies [10–12], including Alzheimer’s disease,

Parkinson’s disease, corticobasal degeneration, argy-

rophilic grain disease, Pick’s disease, and Huntington’s

disease.

Research suggests that some inhibitors of central ner-

vous system regeneration participate in intricate cross-talk
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with growth-promoting molecules at the level of several

key signaling molecules [13–15]. It remains unverified

whether tau interacts directly with growth factor receptors,

or engages in cross-talk with regeneration inhibitors [16].

Microtubule-affinity regulating kinase (MARK) was orig-

inally described in terms of its ability to phosphorylate tau

and other related microtubule-associated proteins. MARK

plays an important role in neuronal differentiation, cell

polarity, intracellular transport, and cell migration [17, 18].

Interestingly, research indicates that tau is phosphorylated

by MARK to regulate its binding to microtubules [19].

Therefore, we aimed to investigate potential cross-talk

between the Nogo-66-NgR1 pathway and tau phosphory-

lation in neuronal cells.

Materials and Methods

Antibodies and Reagents

The following primary antibodies and compounds were

used: p-Ser262 tau: sc-101813 rabbit (1:100; Santa Cruz

Biotechnology, Dallas, TX); p-Thr205 tau: sc-101817

rabbit (1:100; Santa Cruz Biotechnology); anti-Tau, clone

Tau 5 mouse (1:200; Millipore, Temecula, CA); anti-

MARK rabbit (1:200; Abcam, Cambridge, MA); c-tubulin

mouse (1:1000; Sigma-Aldrich, St. Louis, MO);

hymenialdisine (HD) (50 lmol/L; Tocris, Bristol, UK);

and Nogo-66 (0.5 mg; Bioss, Beijing, China). The fol-

lowing secondary antibodies were used: goat anti-mouse

IgG, horseradish peroxidase-conjugated (1:200; Cwbio-

tech, Beijing, China); goat anti-rabbit IgG BA1054 (1:200;

Boster, Wuhan, China); and goat anti-rabbit IgG-Cy3

(1:50; Boster).

Establishment of Cell Lines That Stably Expressed

Tau

As we previously described, a human tau construct

(tau441) or pcDNA (control vector) was transfected into

murine neuroblastoma 2a (N2a) cells with Lipofectamine

2000 (Invitrogen) according to the manufacturer’s

instructions. A single clone was selected to establish cell

lines that stably overexpressed tau (N2a/tau) or pcDNA

(N2a/vector) [20]. The cells were cultured in 50% Dul-

becco’s modified Eagle’s medium (DMEM)/50% Opti-

MEM supplemented with 5% fetal bovine serum (FBS).

The culture medium was changed every 3 days. For HD

and/or Nogo-66 treatment, N2a cells were treated with

50 lmol/L HD and/or 15 ng/mL Nogo-66 [dissolved in

1.1 g/mL dimethyl sulfoxide (DMSO) and added to the

culture medium] (Biosynthesis Biotechnology Beijing,

China).

Primary Cerebral Cortical Neuron Culture

Cerebral cortical neurons were isolated from female

Sprague-Dawley rats at embryonic day 16 (E16). The rats

were purchased from the Experimental Animal Center of

Huazhong University of Science and Technology (HUST)

(Wuhan, China). All the procedures were performed in

compliance with the protocols approved by the Medical

Ethics Committee of HUST. Under sterile conditions, the

entire fetal brain was dissected out and placed in ice-cold

phosphate-buffered saline (PBS) and DMEM. The cerebral

cortex was subsequently freed of meninges, cut into small

pieces, and digested with 0.125% trypsin in DMEM at

37�C for 30 min. The digest was suspended in DMEM with

5% FBS and the neurons were dissociated by gentle

blowing (3 times). The harvested cells were plated onto a

12-well plate coated with poly-L-lysine at 70,000 cells/

well. Four hours later, the serum-containing medium was

replaced with Neurobasal/B27 (Invitrogen, Carlsbad, CA).

Total Tau, MARK, p-S262 Tau, and p-T205 Tau

Assays

Protein was extracted from N2a (N2a/vector or N2a/tau)

cells as previously described [21]. Following total protein

quantification of the supernatants, samples that contained

the same amount of proteins were prepared for western blot

analysis using antibodies against total tau, MARK, and c-

tubulin. The integral optical density was then analyzed

using Image Pro-Plus to acquire the relative concentration

of total tau in each sample. The volume of each sample was

determined so that each loaded sample contained equal

amounts of total tau, based on the relative concentration.

Tau phosphorylated at Ser262 (p-S262 tau) and tau phos-

phorylated at Thr205 (p-T205 tau) were then detected,

using total tau as an internal reference. For band densito-

metry, the protein band images were captured with a Bio-

Rad ChemiDoc XRS? system (Hercules, CA), and the

band density was determined using Image Lab software

(Bio-Rad, Hercules, CA) and Image-Pro Plus software

(Media Cybernetics, Bethesda, MD).

Immunofluorescence Staining

Immunostaining was performed following standard proto-

cols. All antibodies were diluted in 10% normal goat serum

and 1% Triton X-100 in PBS. The cells were incubated

with primary antibodies overnight at 4�C and washed 3

times with PBS for 10 min. Secondary antibodies were

subsequently applied and incubated for 1 h at room tem-

perature, followed by three washes with PBS for 15 min.

Cells were fixed with DAPI, and images were captured
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using a laser scanning confocal microscope (Olympus

Fluoview FV1000) and analyzed with Olympus Fluoview

ver. 2.1a Viewer software (Olympus, Tokyo, Japan).

Neurite Outgrowth Assay

For N2a/vector and N2a/tau cells, after the elongation of

neurites (cultured without FBS), the medium was replaced

with feeding medium containing PBS, Nogo-66 (15 ng/

mL) alone or combined with HD (MARK inhibitor, 50

lmol/L). The cells were photographed and scored for

neurite outgrowth after an additional 24 h. To measure

axon length, the neurons were transfected with pcDNA or

tau441 plasmids for 72 h, and then cultured in medium

containing Nogo-66 (15 ng/mL) or control (1.1g/mL

DMSO). The morphological changes were analyzed under

a digital phase-contrast inverted microscope (Olympus)

with a charge-coupled device (CCD) camera. In all

experiments described here, three random areas were

selected per well to photograph, and measurements were

made on duplicate wells (n = 6). Only cells containing

processes longer than two cell-body diameters were

counted as being positive for neurite outgrowth. On

average, 62 cells with outgrowth or elongated neurites

were counted. The neurite length was measured using

ImageJ software (National Institutes of Health, Bethesda,

MD) to quantify the absolute distance.

Statistical Analysis

Statistical analysis was performed using the Statistical

Package for the Social Sciences (SPSS) software, version

13.0 (SPSS Co. Ltd., Chicago, IL). Data are expressed as

the mean ± SEM. Experiments that involved a single

comparison between two groups were analyzed with t-tests,

whereas differences between multiple groups were ana-

lyzed with one-way analysis of variance (ANOVA). One-

way ANOVA with Tukey’s post-hoc analysis was used to

assess the effects of Nogo-66 over time. P \0.05 was

considered significant.

Fig. 1 Tau (total and

phosphorylated) and MARK

expression in N2a/vector and

N2a/tau cells. A, B After N2a

cells were transfected with

pcDNA (N2a/vector) or tau441

(N2a/tau) plasmids, the protein

levels of total tau and MARK

were detected by western blot.

C–F Quantitative analysis of

total tau, MARK, and

phosphorylated tau (p-S262 tau

and p-T205 tau) in N2a/vector

and N2a/tau cells. The values in

C and D were normalized to the

c-tubulin band (A), and the

values in E and F were

normalized to the total tau band

(B). The data represent the

mean ± SEM from six separate

experiments (paired t-test;

*P \0.05 compared with the

control N2a/vector).

Y. C. Zuo et al.: Tau Rescues Nogo-66-Induced Neurite Outgrowth Inhibition 579

123



Results

Total Tau, Phosphorylated Tau, and MARK

Expression in N2a Cells Transiently Transfected

with Tau441 Plasmid

Wild-type mouse N2a (N2a/wt) cells expressed low levels

of endogenous tau protein. To determine the role of tau in

neurite outgrowth, we transiently transfected these cells

with the longest human tau441 (N2a/tau). The expression

of tau (total and phosphorylated) and MARK in N2a/tau

cells was verified using western blot analysis. A marked

increase (overexpression) in the total tau level was seen

after N2a cells were transiently transfected with the

tau441 plasmid (*4 times greater than the N2a/vector

control group; P \0.05; Fig. 1A, C). The N2a/tau group

also expressed higher levels of MARK than the N2a/

vector group (*2 times greater; P \0.05; Fig. 1A, D).

Meanwhile, p-S262 tau (in KXGS motifs, KXGS motifs

are located in several repeat domains of tau) and p-T205

tau (not in KXGS motifs) also increased (*1.5 times

greater; P \0.05; Fig. 1B, E, F). Therefore, stable ex-

pression of human tau441 (total tau) was achieved in

N2a/tau cells. These data indicate that overexpressing tau

results in the overexpression of MARK and phosphory-

lated tau.

Fig. 2 Protein levels of total tau

and phosphorylated tau in

Nogo-66-treated N2a/tau cells.

N2a/tau cells were treated with

15 ng/mL Nogo-66 for 1, 2, 5,

15, and 30 min. The levels of

total tau (A) and tau

phosphorylated at Ser262 (p-

S262) and Thr205 (p-T205)

(B) were detected via western

blot. C–E Quantitative analysis

of the density of immunoblot

bands. The values in C were

normalized to the c-tubulin

band (A), and the values in

D and E were normalized to the

total tau band (B). Data

represent the mean ± SEM from

six separate experiments (one-

way ANOVA with Tukey’s

post-hoc; *P \0.05, **P \0.01

compared with the vehicle

control, no Nogo-66 treatment).
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Nogo-66 Decreases p-Ser262 Tau in N2a/Tau Cells

To determine whether Nogo-66 regulates tau and phos-

phorylated tau expression in N2a/tau cells, the levels of

p-S262 tau and p-T205, as well as total tau were measured

after the cells were exposed to Nogo-66. Tau becomes

activated when phosphorylated at Ser262 (p-S262 tau). We

found that Nogo-66 transiently upregulated the total tau

level (2 min after addition of Nogo-66) compared to the

control (P\0.05; Fig. 2A, C). Nogo-66 decreased the level

of p-S262 tau at all time points (P\0.01 compared with the

control; Fig. 2B, D), but did not affect the levels of p-T205

tau (Fig. 2B, E). This suggests that Nogo-66 selectively

influences the phosphorylation of tau at the Ser262 residue.

Inhibition of MARK Decreases the Expression of p-

S262 Tau in N2a/Tau Cells

To determine whether the inactivation of MARK is nec-

essary for the dephosphorylation of p-S262 tau by Nogo-

66, N2a/tau cells were treated with HD, a MARK inhibitor,

60 min before Nogo-66 exposure. Total tau, p-S262 tau,

and MARK expression were assessed using western blot

analysis. In the presence of HD, the level of p-S262 tau

decreased (P \0.05 compared with the control; Fig. 3B,

G), whereas the changes in total tau were not significant

(Fig. 3A, F); in the presence of Nogo-66, MARK was

reduced (P \0.05 compared with the control; Fig. 3C, H);

and in the presence of Nogo-66 and HD, p-S262 tau was

reduced (P \0.01 compared with Nogo-66 exposure;

Fig. 3E, J), whereas changes in total tau were not signifi-

cant (Fig. 3D, I). These data indicate that the inhibition of

MARK is necessary for the dephosphorylation of p-S262

tau by Nogo-66.

Tau is Involved in Nogo-66-Induced Inhibition

of Neurite Outgrowth in N2a Cells

To determine whether tau is involved in the Nogo-66-

induced inhibition of neurite outgrowth, N2a cells were

transfected with tau441 plasmids (N2a/tau), followed by

Nogo-66 or Nogo-66?HD application (Fig. 4A). Neurite

outgrowth in N2a/vector cells was 70.4 ± 10.8 lm, and

treatment with Nogo-66 markedly inhibited it to 34.4 ± 6.2

lm (P\0.05 compared with the N2a/vector group without

Nogo-66 application; Fig. 4B). In N2a/tau cells, the inhi-

Fig. 3 Total tau, p-S262 tau, and MARK expression following HD

treatment in N2a/tau cells. A–E HD group, N2a/tau cells treated with

HD; Nogo-66 group, N2a/tau cells treated with Nogo-66; Nogo-

66?HD group, N2a/tau cells treated with Nogo-66 and HD. The

levels of total tau, tau phosphorylated at Ser262 (p-S262 tau), and

MARK were detected via western blot. F–J Quantitative analysis of

total tau, p-S262 tau, and MARK in N2a/tau cells. The values in F, H,

and I were normalized to the c-tubulin band (A, C, D), and the values

in G and J were normalized to the total tau band (B, E). The data

represent the mean ± SEM from six separate experiments (paired

t-test; *P \0.05, **P \0.01 compared with the control in F–H, and

with the Nogo-66 group in I and J).
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bition of neurite outgrowth induced by Nogo-66 was

ameliorated to 66.3 ± 8.5 lm (P \0.05 compared with

N2a/vector?Nogo-66). However, when MARK was

simultaneously inhibited (N2a/tau?Nogo-66?HD), the

rescue of neurite outgrowth by tau was abolished to 33.2 ±

5.3 lm (P\0.05 compared with N2a/tau?Nogo-66). These

findings indicate that overexpression of tau can rescue

Nogo-66-induced neurite outgrowth inhibition when

MARK is uninhibited.

Overexpression of Tau Rescues Nogo-66-Induced

Axonal Outgrowth Inhibition in Primary Cortical

Neurons

To further determine whether tau is involved in the

inhibition of axonal outgrowth induced by Nogo-66,

primary cortical neurons were transfected with tau441

plasmids, followed by Nogo-66 application (Fig. 5A).

Under control conditions (vector?DMSO), the axon

Fig. 4 Neurite outgrowth in

N2a cells with differing

treatments. A Vector, N2a/

vector cells treated with PBS;

Vector?Nogo-66, N2a/vector

cells treated with Nogo-66;

Tau?Nogo-66, N2a/tau cells

treated with Nogo-66;

Tau?Nogo-66?HD, N2a/tau

cells treated with Nogo-66 and

HD. To measure neurite length,

cells were stained with a p-S262

tau antibody; EGFP indicates

infected cells; DAPI, stained

nuclei; and Merge, color

synthesis of EGFP, DAPI, and

p-S262 tau. Scale bars, 50 lm.

B Values were normalized to

baseline outgrowth in the

vehicle control (vector). One-

way ANOVA (Tukey’s post-

hoc) was performed to compare

the Vector, Vector?Nogo-66,

Tau?Nogo-66, and Tau?Nogo-

66?HD groups. The data

represent the mean ± SEM from

six separate experiments

(*P \0.05 compared with the

Vector group; mP \0.05

compared with the

Vector?Nogo-66 group;
#P \0.05 compared with the

Tau?Nogo-66 group).
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length was 74.2 ± 4.6 lm, and treatment with Nogo-66

reduced it to 44.6 ± 5.8 lm (P \0.01; Fig. 5B). In these

transfected neurons, the inhibition of axon length

induced by Nogo-66 was ameliorated to 65.5 ± 6.5 lm

(P \0.05 compared with vector?Nogo-66). Overex-

pression of tau increased the axon length to 96.3 ± 9.7

lm (P \0.05 compared with vector?DMSO). These

findings further indicate that overexpression of tau can

rescue the Nogo-66-induced neurite outgrowth inhibition

in neuronal cells.

Discussion

In the present study, plasmid overexpression of tau

(tau441) significantly increased the levels of tau (total and

phosphorylated) and MARK. Nogo-66 transiently elevated

the total tau levels and persistently reduced the levels of tau

phosphorylated at serine 262 (p-S262 tau); however, Nogo-

66 did not influence the levels of tau phosphorylated at

threonine 205 (p-T205 tau). Nogo-66 significantly

decreased the level of MARK. HD, an inhibitor of MARK,

significantly reduced the level of p-S262 tau. Overexpres-

sion of tau rescued the inhibition of neurite outgrowth

induced by Nogo-66 in N2a cells and primary cortical

neurons. However, when MARK was simultaneously

inhibited, the rescue of neurite outgrowth by tau was

abolished in N2a cells.

It is well known that abnormal tau aggregation leads to

neurodegeneration, and that Nogo-66 inhibits neurite out-

growth. However, no relationship between tau and Nogo-

66 in the pathological mechanisms leading to disease had

been defined. Tau is thought to be involved in growth

factor signaling [22, 23]. Inhibition of Nogo-66 is being

investigated as a major axon regeneration strategy [24]. In

the present study, we verified that communication occurs

between the regeneration inhibitor Nogo-66 and tau, since

the presence of Nogo-66 altered the phosphorylation state

of tau at Ser262.

The precise functions of tau in neurite outgrowth are not

firmly established. Dawson et al. [4] reported that primary

hippocampal cultures from tau-knockout mice exhibit a

significant reduction in axonal elongation. However,

overexpression of tau induces long cellular processes in

non-neuronal Sf9 cells [25]. Studies of primary neurons

from different lines of microtubule-associated protein tau

(MAPT)-knockout mice have yielded controversial results

[26]. Neurons from one MAPT-knockout line exhibited

slowed maturation and reduced neurite length, whereas

neurons from another MAPT-knockout line did not display

either of these effects [27]. In the present study, overex-

pression of tau efficiently reversed the Nogo-66-induced

inhibition of neurite outgrowth. Our results were in

accordance with the reports by Dawson et al., and Knops

et al., [4, 25]. This suggests that tau may mediate inhibition

by Nogo-66 via phosphorylation at Ser262, since overex-

pression of tau ameliorated the inhibitory effects of Nogo-

66.

Phosphorylation is the most commonly described post-

translational modification of tau. This plays a crucial role

in regulating its physiological functions, including

binding to microtubules, and regulating their stabilization

and assembly [28]. The phosphorylation of KXGS motifs

(particularly Ser262) in the repeat domain of tau by

Fig. 5 Axonal elongation in primary cortical neurons with differing

treatments. A Vector?DMSO, neurons transfected with pcDNA

plasmids and treated with DMSO; Vector?Nogo-66, neurons

transfected with pcDNA plasmids and treated with Nogo-66;

Tau?DMSO, neurons transfected with tau441 plasmids and treated

with DMSO; Tau?Nogo-66, neurons transfected with tau441

plasmids and treated with Nogo-66. To measure neurite length,

cells were stained with a p-S262 tau antibody. Scale bar, 50 lm.

B Values were normalized to baseline outgrowth in the vehicle

control (vector?DMSO). One-way ANOVA (Tukey’s post-hoc) was

used to compare Vector?DMSO, Vector?Nogo-66, Tau?DMSO,

and Tau?Nogo-66 groups. The data represent the mean ± SEM

from six separate experiments (*P \0.05, **P \0.01 compared with

the Vector?DMSO group; #P \0.05 compared with the Vec-

tor?Nogo-66 group).
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MARK, protein kinase A, or calcium/calmodulin-

dependent protein kinase II can reduce the affinity of tau

binding to microtubules [29].

MARK predominantly phosphorylates tau at Ser262

[19, 29]. In the present study, we demonstrated that Nogo-

66 significantly decreased the level of p-S262 tau, over-

expression of tau significantly elevated the level of MARK,

and inhibition of MARK by HD decreased the levels of

phosphorylated tau and abolished the rescue of neurite

outgrowth by tau. Our results highlight potential cross-talk

between Nogo-66 and MARK signaling, since Nogo-66

significantly decreased the levels of MARK. In addition,

MARK phosphorylation of tau in KXGS motifs influences

the inhibition of neurite outgrowth mediated by Nogo-66.

In summary, we conclude that regulating Ser262 tau

phosphorylation might play a role in altering the Nogo-66

signaling pathway, and that the overexpression of tau can

rescue Nogo-66-induced neurite outgrowth inhibition

in vitro.
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Abstract Previous studies have suggested that cortical

functional reorganization is associated with motor recovery

after stroke and that normal afferent sensory information is

very important in that process. In this study, we selected

patients who had a stroke in or under the thalamus, with

potentially impaired afferent sensory information and

analyzed the differences between these patients and healthy

controls at three levels: brain regions, the functional con-

nectivity between brain areas, and the whole-brain func-

tional network. Compared with healthy controls, regional

homogeneities in the left middle temporal gyrus decreased

and functional connectivity between the left middle tem-

poral gyrus and the stroke area increased in the patients.

However, there was no significant change in the whole-

brain functional network. By focusing on stroke located in

or under the thalamus, our study contributes to wider

inquiries into understanding and treating stroke.

Keywords ReHo � Stroke � Thalamus � Resting-state

Introduction

Stroke is a common condition that can cause various

degrees of neurological defects with a high probability of

long-term disability [1–5]. Using functional magnetic res-

onance imaging (fMRI), previous studies have shown that

an activation response to upper limb stimulation may be

absent in the somatosensory cortical representation after

stroke [6]. Cortical functional reorganization is closely

associated with motor recovery following stroke [7].

However, the neural mechanisms of rehabilitation after

stroke are unclear because stroke can occur in various

regions of the brain. To understand the neural mechanisms

of rehabilitation after stroke in a specific location and to

provide personalized treatment to patients with strokes in

different locations in the future, it is necessary for inves-

tigations to isolate stroke locations.

The thalamus has multiple neuronal connections with

cortical areas such as those involved in emotion, arousal,

and a variety of cognitive functions [8]. Most information

is transmitted to the cerebral cortex from the spinal nerves

via many subcortical structures. The thalamus and regions

below it have more transmission fibers than other regions.

Further, most external information from the spinal cord to
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the brain passes through the thalamus and regions under it.

According to the cortico-thalamo-cortico loop theory, after

the information from primary sensory afferents reaches the

cortex, thalamic regions innervated by cortical drivers in

turn relay these signals to other regions via ascending

thalamo-cortical projections [9]. The temporal gyrus and

the occipital gyrus are important areas in the thalamo-

cortical circuit [10]. If stroke occurs in or below the tha-

lamus, many cortical areas involved in the thalamo-cortical

circuit, such as the temporal and occipital gyri might be

affected and corresponding disorders might occur. For

more effective treatment after stroke, it is important to

study the changes of brain function after stroke in or under

the thalamus.

Resting-state fMRI (rs-fMRI) has been used widely

[11–14]. In stroke patients, altered resting-state connec-

tivity and corresponding neurological deficits have been

demonstrated in recent studies [2, 11]. And scientists

generally study brain function in the resting-state at three

levels: (1) brain region, (2) functional connectivity between

brain areas, and (3) the whole-brain functional network. In

this study, we investigated 8 acute ischemic stroke patients

whose stroke was in or under the thalamus and 19 healthy

controls using rs-fMRI and analyzed the differences

between them using three methods: regional homogeneity

(ReHo), functional connectivity, and the graph theoretical

approach.

ReHo [15] is a method that maps regional spontaneous

activity and is calculated as Kendall’s coefficient of con-

cordance (KCC). The ReHo value reflects, to some extent,

the level of brain function. A stroke in or under the tha-

lamus might affect the function of the stroke area and some

cortical regions because of the injured sensory afferents

and the injured ascending thalamo-cortical projections [9].

Previous studies [16, 17] have shown that stroke patients

exhibit changed ReHo. Therefore, we hypothesized that the

ReHo of the stroke area and some other cortical areas

might be changed.

Functional connectivity is a method that measures the

connectivity among different brain regions in different

spaces using the connectivity of time series. A previous

study [18] has shown that the functional connectivity

increases as a compensatory effect after a stroke. This kind

of effect might occur in our study. Therefore, we hypoth-

esized that the functional connectivity between the func-

tional regions that were injured would increase because of

the compensatory effect.

The whole-brain functional network is generally mea-

sured using graph theoretical approaches, and can be dis-

played graphically by a collection of nodes and edges.

Changed topological properties of brain networks have

been found in many psychiatric and neurological disorders,

including stroke [19–22]. Therefore, we also tried to detect

differences in the whole-brain functional network between

the patients and healthy controls as an exploratory analysis.

Materials and Methods

Participants

Eight patients with acute ischemic stroke (stroke located in

or under the thalamus, P group, mean age

54.7 ± 9.6 years) participated in our study. All patients

had had a stroke in the previous 7 days, felt limb numbness

on one side, and had no psychiatric disorders. We also

recruited 19 healthy participants (H group, mean age

57.8 ± 8.9 years) as controls. There were no significant

differences in age (P = 0.440) and gender (P = 0.527)

between the two groups. Participants were asked to relax,

close their eyes, think of nothing systematically, remain

motionless, and not fall asleep. After scanning, every

participant was asked about his/her waking state during

scanning, and none reported having fallen asleep. The

demographic profiles and clinical features of all partici-

pants are listed in Table S1. Informed consent was given by

all participants and the study was approved by the Ethics

Committee at the University of Science and Technology of

China.

Data Acquisition

All images were acquired on a 3.0 Tesla GE-Signa HDxt

MRI scanner (General Electric, Milwaukee, WI) at the

Medical Imaging Center at the First Affiliated Hospital of

Wannan Medical College. The rs-fMRIs were obtained in

axial orientation using the echo-planar imaging sequence

TR = 3 s, number of slices = 30, TE = 40 ms,

matrix = 96 9 96, FOV = 240 9 240 mm2, FA = 90�,

voxel size = 2.5 9 2.5 9 5 mm3, slice thickness = 5 mm

with no gap. We had three dummies before the resting scan

to reach the signal equilibrium. Then a total of 128 images

were acquired on each participant in 6 min and 24 s and all

participants were instructed to close their eyes without

thinking anything and without falling asleep during the

resting-state scanning. After the resting-state scanning,

anatomical T1-weighted images were acquired in axial

orientation for each participant (TR = 6.28 ms, TE =

2 ms, number of slices = 248, FOV = 240 9 240 mm2,

FA = 15�, matrix = 320 9 256, voxel size = 0.75 9

0.9375 9 1.2 mm3, thickness = 1.2 mm). Axial diffusion-

weighted images were also acquired to detect clinically

silent lesions (TE = minimum, TR = 4800 ms, spac-

ing = 2 mm, slice thickness = 6 mm, NEX = 2). Two

professional radiologists (C.L. and A.W. in the author list)

diagnosed the infarct locations.
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Image Preprocessing

Preprocessing of data was performed using AFNI software

(http://afni.nimh.nih.gov/). The first 2 images of each

resting scan were removed. The remaining 126 images

were realigned, spatially normalized to the Talairach space

and resampled to 3 9 3 9 3 mm3. All maps were spatially

smoothed using a 10 mm FWHM (full width at half-

maximum) filter. Furthermore, 6 head motion parameters

were regressed out from all functional time series of every

participant. The anatomical images were partitioned into

white matter, gray matter, and cerebrospinal fluid. Then

average BOLD signals in white matter and ventricles were

removed. A band-pass filter (0.01 to 0.08 Hz) was applied

to every time series. We made a flip on 4 patients whose

stroke locations were on the left side and then analyzed the

data using the methods below.

Resting-State fMRI Analysis

ReHo

Individual ReHo maps were generated from each partici-

pant by claculating the KCC value of each voxel in the

whole brain, consistent with a previous study [23]. We then

normalized each map. Finally, we performed a two-tailed,

group t-test between the P and H groups. The group-level t-

test map was masked by the gray matter of the brain.

Multiple comparison correction was performed using the

AFNI AlphaSim program(http://afni.nih.gov/afni/docpdf/

AlphaSim.pdf) based on Monte Carlo simulation and the

corrected P \ 0.05 was used (uncorrected P = 0.005,

minimal volume = 918 mm3).

To confirm that the function of the stroke area was

impaired, we drew a region-of-interest (ROI) (Fig. 1A)

which included each patient’s stroke area. Then we cal-

culated the mean ReHo of the ROI (containing each

patient’s stroke area) for each participant and performed a

two-tailed, group t-test between the P and H groups.

Functional Connectivity

We defined the area in which the ReHo was significantly

lower in the P than in the H group as another ROI. We

extracted the time series of the two ROIs and calculated the

functional connectivity between them for each participant.

Then, we performed a one-tailed, group t-test between the

P and H groups.

However, a large ROI covering all stroke areas may ignore

individual differences and lead to insignificant results. So, to

test the reliability of our results, we calculated the individual

connectivity between each patient’s individual specific stroke

region (Fig. 1B) and the left middle temporal gyrus. We also

calculated the corresponding connectivity in healthy partici-

pants and took the average of the 19 healthy participants for

each connectivity between every stroke area and the left

middle temporal gyrus. Then, we performed a one-tailed,

group t-test between the P and H groups.

Graph Theoretical Analysis

We performed graph theoretical analysis using Gretna

software (http://www.nitrc.org/projects/gretna). After pre-

processing, we used an automated anatomical labeling

template [24] to extract the time courses of 90 brain

regions. We then performed Pearson’s correlation analysis

between all possible pairs of the 90 regions to produce a

90 9 90 symmetric correlation matrix for each participant.

To increase the normality of the matrix, we performed a

Fisher r-to-z transformation.

Fig. 1 Region of interest (ROI). (A) This ROI contains all stroke areas from each patient. (B) Mask for each patient’s stroke area.
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A previous study [25] suggested that graphs resulting

from the above analyses would contain different numbers

of edges because of variance in low-level correlations

when the same correlation thresholds are used in the cor-

relation matrices of patients and healthy controls. As such,

differences across groups in network parameters might not

purely reflect the change in topological organization. To

control this effect, the network sparsity, which is defined as

the number of surviving connections divided by all possi-

ble connections, was used as a threshold for producing the

graph [22, 25–27].

Following previous studies, we chose the network

sparsity as a threshold for producing a binary graph. The

range of sparsity was identified as follows: first, to assure

that functional connectivity actually existed between

nodes, we performed a two-tailed one-sample t-test

(P \ 0.05, Bonferroni corrected) on the correlation matri-

ces of all participant, and found 1173 significant connec-

tions. According to the formula Kcost = E/(N(N–1)/2)

(where E is the number of existing edges and N is the

number of nodes), an upper bound value of sparsity

Kcost = 0.2 was identified. Second, previous studies have

shown that functional networks have small-world proper-

ties at relatively low cost (i.e., sparsity) [26, 28]. However,

the minimum sparsity must assure that each network is

fully connected with N nodes. So, the degree K of the

graph must be more than ln (N) (here, K [ ln (90) & 4.5)

[29]. Thus, the lower bound of sparsity was Kcost =

N 9 K/(N(N–1)/2) & 0.1, and K is the average number of

edges for each node. Above all, the sparsity was identified

as 0.1 B Kcost B 0.2 with an interval of 0.01.

We also calculated shortest path length, clustering

coefficients, local efficiency, and global efficiency. We

then compared all these between the P and H groups using

a two-tailed, group t-test over a wide range of sparsity

(P \ 0.05, FDR corrected).

Results and Discussion

Our results showed that the mean ReHo of the stroke area (a

large ROI covering all stroke areas) in the P group was lower

than that in the H group (P = 0.02; Fig. S1). The low ReHo

of the stroke area in the P group suggests injured sensory

afferents and injured ascending thalamo-cortical projections.

Compared with the H group, the P group had signifi-

cantly lower ReHo in the left middle temporal gyrus/left

superior occipital gyrus (Fig. 2, Table 1) whereas the

functional connectivity between the left middle temporal

gyrus/left superior occipital gyrus and the stroke area (a

large ROI covering all stroke areas) was higher with

marginal significance in the P group than in the H group

(Fig. 3, P = 0.08). Further, confirmatory individual

connectivity analysis (using individual specific ROIs)

showed a similar trend (P = 0.09) with results obtained

using a large ROI covering all stroke areas.

The left middle temporal gyrus/left superior occipital

gyrus are near BA19 and are involved in the integration of

different kinds of sensory input such as somatosensory,

visual, and auditory [30]. Another important function of the

left middle temporal gyrus is that it is involved in short-term

verbal memory [31, 32]. The decreased ReHo in the left

middle temporal gyrus/left superior occipital gyrus in the P

group might suggest that integration of sensory information

and short-term verbal memory are impaired. The increased

connectivity between the left middle temporal gyrus/left

superior occipital gyrus and the stroke area including the

thalamus might reflect compensation. These findings are

consistent with those obtained in a previous study [32].

Previous studies have shown significant connectivity

between the thalamus and numerous functional regions

including the temporal gyrus [33–35]. The temporal gyrus

is an important area in the thalamo-cortical circuit [10] and

a damaged thalamus could affect the temporal area [8].

Therefore, in our study, the low ReHo of the temporal area

might be associated with the impaired thalamo-temporal

circuit because of the impaired information input from the

thalamus. Furthermore, our results of functional connec-

tivity between these two areas also support this point.

Further investigation of this conclusion is needed because

our current results lacked behavioral data.

Before data analysis, we flipped all stroke locations that

were on the left to the right. However, we found decreased

ReHo in the left middle temporal gyrus. In our study, most

strokes occurred in the inferior brain stem near the pyra-

midal decussation and this might explain the decreased

ReHo of the middle temporal gyrus on the other side. More

studies are required to further support this conclusion.

Fig. 2 Change of regional homogeneity. Significantly lower ReHo in

the left middle temporal gyrus in the P group (stroke patients) than in

the H group (healthy controls) (FWE corrected P \ 0.05). T-score

bars are shown on the right.

588 Neurosci. Bull. December, 2016, 32(6):585–590

123



Besides, our results showed no significant difference in

topological properties between the P and H groups (all

P [ 0.5; Fig. S2), suggesting that strokes in or under the

thalamus did not significantly influence the topological

properties of the whole-brain functional network in the

resting state.

In this study, we targeted strokes located in or below the

thalamus when we recruited stroke patients. We did not

find significant changes in many brain regions as well as in

the whole-brain functional network. These results are

inconsistent with those obtained in a previous study in

which stroke locations were not isolated [17, 21]. This

suggests that specific stroke locations might cause specific

local changes but not changes in the whole-brain functional

network. However, a potential limitation of our study is

that the number of stroke patients was small.

There were several limitations in this study. First, the rel-

atively large age range of participants (43 to 73 years) might

have affected the results. However, this large range might also

help to generalize our results to a wide range of age groups.

Second, the sample size of the P group was relatively small.

The sample size of 8 was very small for a resting-state study,

so type II errors might have occurred. Future replicative

studies should use large samples to confirm or deny our

findings. Third, there was no score for symptoms. Fourth, the

P value of functional connectivity was 0.08. We believed that

this was caused by the small sample of patients. Finally, as this

study involved acute cases, it is necessary to do serial follow-

ups to investigate sequential changes of ReHo over time; a

task we shall undertake in the next phase of this study.

Conclusions

We investigated the differences between patients with

specific strokes (in or under the thalamus) and healthy

controls. Our results suggest that a stroke in this location

might impair local brain function but might not signifi-

cantly influence the topological properties of the whole-

brain functional network. As far as we know, our study is

the first to investigate differences between stroke patients

whose stroke is located in or under the thalamus and

healthy controls using resting-state fMRI. Our results may

provide a new direction for treatment, thus, if strokes in

this location can cause functional impairment of cortical

areas such as the left middle temporal gyrus, then the

corresponding cortical areas may present as potential

therapeutic targets. Different tools and techniques (e.g.,

transcranial magnetic stimulation or transcranial direct

current stimulation) can be used to stimulate these targets

to make them work normally. This study is a positive

contribution to wider studies searching for comprehensive

understanding and treatment of stroke.
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Abstract To date, we still lack disease-modifying thera-

pies for Alzheimer’s disease (AD). Here, we report that

long-term administration of benfotiamine improved the

cognitive ability of patients with AD. Five patients with

mild to moderate AD received oral benfotiamine (300 mg

daily) over 18 months. All patients were examined by

positron emission tomography with Pittsburgh compound

B (PiB-PET) and exhibited positive imaging with b-

amyloid deposition, and three received PiB-PET imaging at

follow-up. The five patients exhibited cognitive improve-

ment as assayed by the Mini-Mental Status Examination

(MMSE) with an average increase of 3.2 points at month

18 of benfotiamine administration. The three patients who

received follow-up PiB-PET had a 36.7% increase in the

average standardized uptake value ratio in the brain com-

pared with that in the first scan. Importantly, the MMSE

scores of these three had an average increase of 3 points

during the same period. Benfotiamine significantly

improved the cognitive abilities of mild to moderate AD

patients independently of brain amyloid accumulation. Our

study provides new insight to the development of disease-

modifying therapy.

Keywords Alzheimer’s disease � Therapy � Benfotiamine �
PiB-PET � Amyloid deposition

Introduction

Alzheimer’s disease (AD) is a devastating neurodegener-

ative disorder in the aging society and has severely

impacted the global healthcare system. Unfortunately,

there is no effective disease-modifying therapy for AD. To

date, almost all clinical trials aiming to halt or delay AD

progression have failed. Particularly, multiple approaches

such as vaccines, antibodies, and b or c-secretase inhibi-

tors, have been exploited to reduce amyloid deposition in

the brain but have little beneficial effect on the cognitive

ability of AD patients [1–4]. Generally, the failure in

cognitive improvement is attributed to the fact that these

therapies were performed on patients at the dementia stage

of AD, and this may be too late.

Despite these difficulties, there is an unmet need to

reduce the suffering of millions of AD patients and the

increasingly staggering cost of caring for them. Given that

AD is a complex disorder with multiple etiologies and

courses of disease progression, current strategies do not

necessarily encompass all possible mechanisms that may

be used to delay or halt it. Therefore, new approaches are

needed to explore other possibilities for disease-modifying

therapy than those commonly used in current clinical trials.

For instance, the disturbance of cerebral glucose metabo-

lism is an invariant and significant pathophysiological

alteration in AD, which precedes and is closely correlated

with cognitive impairment [5, 6]. Thus, factors associated
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with brain glucose hypometabolism may be potential

therapeutic targets.

Thiamine diphosphate (TDP), the active form of thi-

amine, is critical for glucose metabolism because it serves

as a key coenzyme of three rate-limiting enzymes of glu-

cose catabolism (pyruvate dehydrogenase and a-ketoglu-

tarate dehydrogenase in the Krebs cycle, and transketolase

in the pentose phosphate pathway). Both the TDP level and

the activity of TDP-dependent enzymes are significantly

reduced in blood and brain autopsy samples from AD

patients [7–9]. Our previous study showed that TDP

reduction is a significant biomarker for AD diagnosis [10].

The reduction of brain glucose metabolism and its possible

pathogenic indicator, TDP reduction, implicate multiple

pathogenic pathways in AD, including oxidative stress

[11], neuroinflammation [12], and enhanced activity of

glycogen synthase kinase-3 [13] and b-secretase [14].

Therefore, we hypothesized that disruption of thiamine

metabolism directly contributes to AD pathogenesis by

perturbing glucose utilization and by activating multiple

pathophysiological cascades in the brain [15]. Based on

this hypothesis, a strategy of simultaneously correcting the

abnormal thiamine metabolism while treating other

pathogenic factors may be a viable approach to modify the

progression of AD.

Benfotiamine is a synthetic thiamine derivative with better

bioavailability than thiamine and has been shown to prevent

abnormal glucose metabolism via multiple pathways [16, 17].

Our previous study demonstrated that benfotiamine improves

cognitive impairment in a mouse model of AD (amyloid pre-

cursor protein/presenilin-1 (APP/PS1) transgenic mice) [18].

Here, we investigated the effects of benfotiamine on the cog-

nitive ability and amyloid accumulation in the brain assayed by

positron emission tomography with Pittsburgh compound-B

(PiB-PET) in five patients with mild to moderate AD.

Materials and Methods

Study Design and Participants

This study was designed as an open and uncontrolled study

with the purpose of assessing long-term cognitive improve-

ment after benfotiamine administration. It was approved by

the Committee of Medical Ethics of Zhongshan Hospital,

Fudan University (No. 2009-013). All patients or their

caregivers provided written informed consent.

Five patients with mild to moderate AD from the out-

patient clinic of the Neurology Department at Zhongshan

Hospital were recruited. They were diagnosed with AD

according to the clinical criteria proposed by the National

Institute of Aging-Alzheimer’s Association in 2011 [19]

and PiB-PET imaging. All patients displayed an insidious

onset of the disease and gradual progression of cognitive

dysfunction. Based on careful inquiry into their medical

history, a neurological/psychological examination, and

cranial CT and/or MRI scans, these patients had no other

diseases known to cause cognitive decline, e.g., cere-

brovascular disease or toxic–metabolic disorder. The neu-

ropsychological evaluations included the Mini-Mental

Status Examination (MMSE), Activities of Daily Living,

Clinical Dementia Rating, and Hamilton Depression Rating

Scales. Blood folate, vitamin B12, free triiodothyronine,

free thyroxine, and thyroid stimulating hormone levels

were in the normal range for all patients.

All patients received oral benfotiamine (300 mg/day;

Doctor’s Best, Irvine, CA) over 18 months. Cases I to IV

continued previous donepezil administration (5 mg/day)

during benfotiamine administration. Case V had only

monotherapy with benfotiamine. Detailed demographic

data is listed in Supplemental Table S1.

Measurement of Blood Thiamine Metabolites

TDP, thiamine monophosphate (TMP), and thiamine levels

were determined using high performance liquid chro-

matography (HPLC), as previously described [18]. Briefly,

150 lL of whole blood anticoagulated with heparin was

collected and immediately deproteinized with an equal

volume of 7.4% perchloric acid. After centrifugation at

10,000 rpm at 4 �C for 6 min, the supernatant was col-

lected and stored at -20 �C. Thiamine and its phosphate

esters were derivatized into thiochromes using potassium

ferricyanide and separated by gradient elusion on a C18

reversed-phase analytical column (250 9 4.6 mm2) by

HPLC (Agilent 1100, Santa Clara, CA); the derivatives

were detected using an excitation wavelength of 367 nm

and an emission wavelength of 435 nm. Blood TDP, TMP,

and thiamine levels were quantified using standard samples

(Sigma-Aldrich, St. Louis, MO).

PiB-PET Imaging

Synthesis of the radioactive ligand PiB with 11C was based

on the method described previously [20]. Approximately

10 mCi of radiotracer was injected through the opisthenar

vein within 60 s and was flushed with 1 mL saline. Subse-

quently, 3D dynamic PET acquisition was performed from 0

to 60 min post-injection following an attenuation correction

CT using a PET/CT scanner (Biograph 64 Truepoint, Sie-

mens Medical Solutions, Munich, Germany). The 40- to

60-min static images were reconstructed using an iterative

3D method with a Gaussian filter of 6 mm in Full Width of

Half Maximum. The pixel size was 2.0 mm and the slice

thickness was 1.5 mm. The deposition/retention of 11C-PiB

was calculated using the method previously described by
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Klunk et al. [21]. Data from all participants imaged by PiB-

PET was used to calculate the in vivo amyloid plaque load

represented by SUVR, which is defined as the ratio of the

standardized uptake value in each region of interest (ROI) to

that of the cerebellar cortex [22].

The PiB-PET examination was performed on three

patients before benfotiamine administration and on two

patients at month 6 of benfotiamine administration. Fur-

ther, three patients received follow-up PiB-PET imaging

after 18 months of benfotiamine administration. All five

patients had SUVRs [ 1.3 for PiB.

Results

Changes in the cognitive function of all five patients were

evaluated by MMSE scoring or by the Clinical Dementia

Rating during the 18 months of treatment or longer. We

found that the MMSE scores increased by 2 to 6 points in

four patients and did not significantly change in one

patient, averaging 3.2 ± 1.3 points (n = 5) at month 18 of

benfotiamine administration (case I was assayed at month

20 and case IV at month 17). Three patients received

follow-up examinations later than 22 months. The MMSE

scores of case I increased from 25 to 27 points and of case

II from 12 to 18 points during the follow-up period. In case

IV, the MMSE score at month 22 did not significantly

differ from that at baseline (Fig. 1; Table 1).

The effect of benfotiamine on amyloid deposition was

also evaluated. Three cases (I, II, and V) received a follow-

up PiB-PET examination. After benfotiamine administra-

tion, all three cases still manifested significantly elevated

Fig. 1 Benfotiamine improved cognitive function as assessed by

MMSE scores.

Table 1 Neuropsychological

functions and PiB SUVRs of the

five cases given benfotiamine.

Case No. Time (months) Neuropsychological evaluation PiB SUVRs

MMSE (–/30) CDR (–/3) ADL (–/32) FC PC TC Average

Case I 0 25 0.5 8 2.034 1.598 1.947 1.860

9 28 0.5 8

16 26 1 8

20 29 1 8 2.504 2.409 2.390 2.435

24 27 0.5 8

Case II 0 12 1 10 2.584 1.895 1.811 2.097

4 15 1 10

14 14 1 16

18 17 1 13 4.040 3.022 2.857 3.306

23 18 1 10

Case III 0 20 1 8

6 23 1 11 1.498 1.727 1.314 1.513

18 23 1 9

Case IV 0 16 1 8 1.485 1.338 1.375 1.399

3 18 0.5 8

10 22 1 9

14 16 0.5 8

17 17 1 8

22 16 1 9

Case V 0 12 2 9

6 15 1 9 1.447 1.242 1.386 1.358

11 18 1 8

18 15 1 9 1.606 1.502 1.461 1.532

MMSE Mini-Mental Status Examination, CDR Clinical Dementia Rating, ADL Activities of Daily Living,

FC frontal cortex, PC parietal cortex, TC temporal cortex, SUVR ratio of the standardized uptake value.
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amyloid deposition in spite of the improvement in their

cognitive functions. The SUVRs of the frontal, parietal,

and temporal cortices increased from the first to the second

PiB-PET scan. The average SUVR of the frontal, parietal,

and temporal cortices at the second PiB-PET imaging was

2.42 ± 0.79, representing a 36.7% increase from that at the

first scan (1.77 ± 0.39; Table 1; Fig. 2). Importantly, the

MMSE scores of the three cases had an average increase of

3 points during the same period.

Discussion

Our study showed that AD patients with mild-to-moderate

dementia manifested a long-term (over 18 months)

improvement in cognitive ability after benfotiamine

administration, despite the progressive exacerbation of

brain amyloid accumulation as evaluated by PiB-PET

scans. These results reveal two important messages: (1) the

progression of brain dysfunction in the dementia stage of

AD can be halted and even improved, and (2) the alteration

Fig. 2 Benfotiamine improved cognitive function as assessed by

MMSE scores independent of brain amyloid deposition in AD

patients. Average PiB SUVRs representing brain amyloid loading and

cognitive function assessed by MMSE scoring before and after

benfotiamine administration in cases I (A) and II (B). C Case V

received the first PiB-PET scan at month 6 after benfotiamine

administration and a follow-up PiB-PET imaging at month 18.

Amyloid accumulation in the brain increased significantly despite

improved cognitive function, BT benfotiamine.
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of cognitive capability is independent of brain amyloid

accumulation, which is consistent with previous results

showing that the reduction of brain amyloid accumulation

by vaccines, antibodies, or b- and c-secretase inhibitors has

little beneficial effect on the cognitive ability and disease

progression of AD patients [1–4].

The brain has the most abundant energy consumption in

the human body, and the maintenance of its function is

dependent on energy metabolism. Because glucose is the

main substrate of energy metabolism, the brain is vulner-

able to the dyshomeostasis of glucose metabolism. A dis-

turbance of brain glucose metabolism is one of the most

important pathophysiological features, and precedes the

overt symptoms of AD by decades. Furthermore, the

reduction in brain glucose metabolism is significantly

correlated with the degree of cognitive impairment and the

progression of AD. For this reason, AD has even been

considered to be ‘‘brain insulin resistance’’ or type III

diabetes [23]. Thus, brain glucose hypometabolism and its

pathogenic factors, such as altered thiamine metabolism,

may be targeted for disease-modifying therapy to treat AD.

In a previous study, we demonstrated the beneficial

effect of benfotiamine against cognitive impairment in a

mouse model of AD. Here, we present the results of a

clinical case study showing the potential of benfotiamine as

a disease-modifying drug for AD. As a derivative of thi-

amine with better bioavailability, benfotiamine has been

demonstrated to exert beneficial effects against abnormal

glucose metabolism and its consequences via multiple

mechanisms, including the elimination of oxidative stress

[16, 17] and the inhibition of glycogen synthase kinase-3

[18], which are both considered to be major pathogenic

factors that cause neurodegeneration in AD. The better

bioavailability and the pharmacological effects via multiple

mechanisms against abnormal glucose metabolism and its

consequences may explain why benfotiamine administra-

tion but not thiamine supplementation [24] had a long-term

beneficial effect on cognitive ability in AD patients.

Although the results of the current study are encourag-

ing, there are evident caveats. First, the results need to be

validated by randomized, double-blinded, placebo-

controlled clinical trials. Second, whether brain glucose

hypometabolism in AD patients is significantly altered and

correlated with the improvement of cognitive ability after

benfotiamine administration needs to be further evaluated.

Third, it will be necessary in future studies to determine

whether the beneficial effect on AD was due to benfoti-

amine alone or its combination with donepezil because four

patients in our study also took 5 mg donepezil per day in

addition to benfotiamine.

In summary, our results show that benfotiamine can

produce a long-term improvement (over 18 months) in the

cognitive ability of AD patients during continued brain

amyloid accumulation. These results indicate that brain

dysfunction may be independent of amyloid deposition and

that the disease progression can be halted in the dementia

stage of AD. Our study provides new insights into under-

standing the mechanism of cognitive impairment in AD

and suggests a new direction to develop disease-modifying

therapies for the dementia stage. Further clinical trials in

this direction are needed.
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